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The maturation of antibody affinity during the immune response, discovered as a 
serological phenomenon in 1964, is critical to the development of high affinity 
humoral immunity. This process takes place in germinal centers (GCs), which are 
microanatomical structures composed of antigen-specific B lymphocytes that 
form in secondary lymphoid organs upon infection or immunization. High affinity 
B cells are selectively expanded in the GC by iterative rounds of migration 
between a zone of hypermutation and proliferation (the dark zone, or DZ) and a 
zone of selection (the light zone, or LZ). The mechanism whereby somatic 
antibody mutants are selected on the basis of affinity has been elusive. 
In the first part of this thesis, I demonstrate that affinity-based selection in the GC 
operates through regulation of proliferation and hypermutation. B cells with 
affinity-enhancing mutations capture more antigen through their BCRs for 
presentation as peptide-MHCII to CD4+ T cells. In turn, enhanced T cell help 
induces selected B cells to return to the DZ, where they spend a prolonged 
period of time proliferating in between rounds of competition in the LZ. By 
dividing a greater number of times during each passage through the DZ, high 
affinity cells can expand within the population and are provided more 
opportunities to hypermutate their antibody genes. 
 
In the second part of this thesis, I examine the regulation of cell cycles in the DZ 
during GC selection. Transcriptional profiling revealed that T cell help enhanced 
signaling through the E2F and c-Myc pathways within selected GC B cells in the 
DZ. Moreover, T cell help increased the speed with which selected GC B cells 
progressed through both the S and G2/M phases.  Genome sequencing and 
single-molecule analyses revealed that S phase is regulated by increasing the 
speed of DNA replication forks, while maintaining the dynamics of replication 
origin activation throughout the genome. Thus, T cells mediate affinity-based 
selection in the GC by inducing selected cells to reside longer in the DZ where 











For their incredible support, love and friendship, I dedicate this thesis to my 
















First, I would like to thank my advisor Michel Nussenzweig. Without his 
guidance and support, the work in this thesis would not have been 
possible. I cannot imagine having had an opportunity to spend these years 
in a better intellectual and scientific environment, nor can I imagine a 
better mentor than Michel.  
 
I owe a great deal of thanks to many people: Ziv Shulman, my teammate 
on the germinal center, from whom I learned a great deal; Davide 
Robbiani and Mila Jankovic for reagents, advice, and discussion; Klara 
Velinzon and Neena Thomas for help with cell sorting; Lotta von Boehmer 
and Sarah Ackerman for antibody cloning; Connie Zhao and Bin Zhang for 
assistance with high throughput sequencing; Anna Gazumyan for antibody 
cloning and production; Alex Abadir, Cassie Liu, and Jovana Golijanin for 
antibody production; Scott Lowe, Nina Papavasiliou, Tomohiro Kurosaki, 
and Atsushi Miyawaki for mice; Amnon Koren for discussion and 
assistance with replication timing analysis; Thiago Oliveira for 
bioinformatics analyses; Tom Eisenreich, David Bosque, and Susan 
Hinklein for mouse colony management; Kai-Hui Yao for technical 
assistance; Mathew Jones for discussion and assistance with DNA fiber 
analyses; Qiao Wang and Natalia Freund for discussion; Christian Mayer 
for hands-on assistance with experiments; Hugo Mouquet and Johannes 
Scheid for discussion; Daniel Mucida for his continued support and advice; 
 v 
Philipp Rommel, Ari Halper-Stromberg, Zander Nguyen, Andrew Levine, 
and Josh Horwitz for their continued friendship, camaraderie, and 
discussions; Zoran Jankovic for laboratory support;  Virginia Menendez 
and Jennifer McQuillan for administrative assistance; Olaf Andersen, 
Ruthie Gotian, and the Tri-Institutional M.D.-Ph.D. program office for 
wonderful support, guidance and advice over the years; Jason Cyster for 
generously agreeing to travel from San Francisco to be the external 
examiner on my thesis committee; Nina Papavasiliou, Eric Pamer, and 
Sasha Rudensky for their service on my thesis committee. The 
Nussenzweig lab as a whole has been an immensely enjoyable place to 
work over the last few years, and I have all of the members, past and 
present, to thank for this. 
 
This work was supported by NIH MSTP grant T32GM07739, NIAID grant 
1F30AI109903-01, NIH grants AI037526-19 and AI072529-06, the NIH 
Center for HIV/AIDS Vaccine Immunology and Immunogen Discovery 
(CHAVI-ID) 1UM1 AI100663-01, and the Howard Hughes Medical 
Institute.  
 
Finally, I want to thank my family. My wife Erin has been my best friend, 
my closest confidante, my love, and my partner. My father Daniel, my 
mother Silvia, and my siblings, Jonathan and Karen, have continually 
given me their unconditional support, encouragement, advice, and love. I 
 vi 























TABLE OF CONTENTS 
Acknowledgements ............................................................................................... iv 
 
Table of Contents .................................................................................................. vii 
 
List of Figures ....................................................................................................... x 
 
 
CHAPTER 1: Introduction ..................................................................................... 1 
 
1.1 Secondary antibody diversification ....................................................... 1 
1.2 Affinity maturation ................................................................................ 2 
1.3 Germinal center organization and dynamics ........................................ 5 
1.4 Mechanism of affinity-based selection ................................................. 8 
1.4.1 Role of the BCR in selection ................................................. 8 
1.4.2 Role of T cell help in selection .............................................. 12 
1.4.3 T cell-mediated regulation of GC dynamics .......................... 14 
 
CHAPTER 2: T cell help regulates proliferation and hypermutation in the germinal 
center .................................................................................................................... 16 
2.1 Role of antigen presentation in germinal center selection ................... 16 
2.2 Role of proliferation in affinity-based selection ..................................... 20 
2.3 Dynamic regulation of interzonal migration in the germinal center ...... 25 
2.4 Germinal center selection in the polyclonal immune response ............ 31 
2.5 Regulation of somatic hypermutation in the germinal center ............... 33 
 
CHAPTER 3: T cell help controls the speed of the cell cycle in germinal center B 
cells ....................................................................................................................... 36 
 
 viii 
3.1 Transcriptional regulation during germinal center selection ................. 36 
3.2 Regulation of cell cycle dynamics in the germinal center ..................... 40 
3.3 Mechanism of DNA replication control in the germinal center ............. 47 
 
CHAPTER 4: Discussion ...................................................................................... 53 
 
4.1 Germinal center dynamics and selection ............................................. 54 
4.2 T cell-mediated germinal center selection ............................................ 56 
4.2.1 T cell-regulated proliferation dynamics in the germinal center .. 57 
4.2.2 T cell-regulated dynamics of interzonal migration ..................... 58 
4.2.3 A selection-hypermutation positive feedback loop .................... 61 
4.3 Cell cycle regulation in the germinal center ......................................... 64 
4.3.1 Mechanism of S phase regulation during selection ................... 66 
4.4 Model of affinity-based selection in the germinal center ...................... 69 
 
 
CHAPTER 5: Methods .......................................................................................... 70 
 
5.1 Mice ...................................................................................................... 70 
5.2 B cell transfer and culture .................................................................... 70 
5.3 Immunizations and treatments ............................................................. 71 
5.4 Cell cycle analysis ................................................................................ 72 
5.5 Flow cytometry and cell sorting ............................................................ 73 
5.6 Photoactivation ..................................................................................... 74 
5.7 Gene expression analysis .................................................................... 75 
5.8 Replication timing data ......................................................................... 75 
5.9 DNA fiber analysis ................................................................................ 76 
 ix 
5.10 VH186.2 and JH4 intron sequence analyses ....................................... 77 
5.11 Statistical analyses ............................................................................. 78 
 










































LIST OF FIGURES 
 
 
Figure 2.1. The amount of antigen presented by GC B cells regulates their 
expansion. ............................................................................................................. 18 
Figure 2.2. Selective expansion of B1-8hi DEC205+/+ GC cells involves contraction of 
B1-8hi DEC205-/- GC cells.. ................................................................................... 19 
Figure 2.3. The tTA-H2B-mCh system ................................................................. 21 
Figure 2.4. Using the tTA-H2B-mCh system to analyze GC B cell division ......... 22 
Figure 2.5. H2B-mCh dilution reflects bona fide cell division ............................... 23 
Figure 2.6. T cell help regulates the number of GC B cell divisions ..................... 24 
Figure 2.7. T cell help shifts LZ/DZ distribution of selected GC B cells ............... 25 
Figure 2.8. EdU/BrdU labeling strategy to examine S phase dynamics in the GC..
 .............................................................................................................................. 26 
Figure 2.9. T cell-mediated selection increases S phase initiation in the DZ ....... 27 
Figure 2.10. Photoactivation of GC B cells in the DZ of ongoing immune responses..
 .............................................................................................................................. 28 
Figure 2.11. Experimental protocol for photoactivation of the DZ and flow cytometric 
analysis.. ............................................................................................................... 29 
Figure 2.12. T cell-mediated selection in the GC involves longer DZ residence time..
 .............................................................................................................................. 30 
Figure 2.13. Use of the tTA-H2B-mCh system to analyze polyclonal GC B cells.. 31 
Figure 2.14. Affinity-enhancing mutations in polyclonal GCs are associated with 
increased cell division ........................................................................................... 32 
 xi 
Figure 2.15. GC B cells that undergo more cell divisions accumulate a greater 
degree of somatic hypermutation .......................................................................... 34 
Figure 2.16. Somatic hypermutation is correlated with cell division in anti- gp120 
GCs….................. ................................................................................................. 35 
Figure 3.1. Experimental strategy to analyze gene expression G1 DZ cells during T 
cell-mediated selection and control conditions ..................................................... 37 
Figure 3.2. T cell help regulates cell cycle and metabolic gene expression programs 
in selected GC B cells ........................................................................................... 38 
Figure 3.3. T cell help induces target genes downstream of c-Myc and E2F 
transcription factors ............................................................................................... 39 
Figure 3.4. T cell help induces increased Rb phosphorylation in selected GC B 
cells………………. ................................................................................................ 40 
Figure 3.5. Combining sequential EdU/BrdU double-pulse method with DNA content 
staining…………. .................................................................................................. 41 
Figure 3.6. T cell help accelerates progression of selected GC B cells through G2/M 
phases…………. ................................................................................................... 42 
Figure 3.7. T cell help accelerates the speed of DNA replication ........................ 43 
Figure 3.8. T cell help accelerates progression of selected GC B cells through S 
phase………….. .................................................................................................... 44 
Figure 3.9. EdU/BrdU labeling of polyclonal GCs ................................................ 45 
Figure 3.10. Affinity-enhancing mutations are associated with rapid progression 
through S/G2/M in polyconal GC responses ......................................................... 47 
 xii 
Figure 3.11. Correlation in replication timing profiles between biological conditions, 
biological replicates, and the L1210 mouse lymphocytic leukemia cell line……. . 49 
Figure 3.12. T cell-mediated acceleration of S phase does not involve altering the 
initiation dynamics of DNA replication ................................................................... 50 
Figure 3.13. Single-molecule imaging of DNA replication in GC B cells .............. 51 
Figure 3.14. T cell help accelerates S phase by increasing the speed of DNA 
replication forks…. ................................................................................................ 52 
 




1.1 Secondary antibody diversification 
 
The adaptive immune system protects vertebrates from pathogens with a 
limitless array of microbial structures. How the immune system accomplishes this 
feat was presciently envisioned by the clonal selection theory, proposed more 
than 50 years ago (Burnet, 1959; Talmage, 1959). According to this theory, 
lymphocytes are diverse, with each individual cell bearing a unique receptor that 
triggers the expansion of that clone when bound by antigen. In the ensuing 
decades, the basic tenets of clonal selection theory proved correct, and T and B 
lymphocytes emerged as the primary effector cells of this system (Gitlin and 
Nussenzweig, 2015). 
 
The primary repertoire of B cell antigen receptors (BCRs) is generated during the 
development of B cells in the bone marrow by V(D)J recombination (Hozumi and 
Tonegawa, 1976; Tonegawa, 1983). In this process, the antigen-binding variable 
region of the immunoglobulin gene is assembled by recombination of a large pool 
of potential gene segments. Yet, a major drawback of this system is that 
antibodies with specificity for self-antigens are generated at significant 
frequencies (Meffre et al., 2000; Rajewsky, 1996; Wardemann et al., 2003). 
These potentially deleterious specificities must therefore be removed from the 
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repertoire by clonal deletion (Hartley et al., 1991; Nemazee and Burki, 1989; 
Russell et al., 1991; Wardemann et al., 2003), receptor editing (Casellas et al., 
2001; Gay et al., 1993; Tiegs et al., 1993), or functional anergy (Goodnow et al., 
1988; Goodnow et al., 1989; Zikherman et al., 2012). B cells that successfully 
complete these tasks go on to mature and circulate within the blood and 
lymphoid organs bearing BCRs composed of surface immunoglobulin and the Ig-
alpha/beta heterodimer. 
 
Binding of the BCR by antigen induces specific B cells to clonally expand, 
differentiate and secrete their antibody molecules. Whereas the N-terminal 
variable region of the antibody recognizes the antigen, the C-terminal constant 
region (Fc) engages the effector arm of the immune system by binding Fc 
receptors on innate immune cells (Pincetic et al., 2014). However, germline-
encoded antibodies are often low in affinity and the Fc domains of the antibodies 
of naïve B cells (immunoglobulin (Ig)M) possess limited effector function, 
requiring that antibodies be improved during immune responses. Secondary 
antibody diversification meets these demands in a process not originally foreseen 
by clonal selection theory. 
  
1.2 Affinity maturation 
 
The possibility that antigen-specific antibodies change during immune responses 
can be traced, in part, to the discovery of the affinity maturation phenomenon. In 
	   3 
their initial discovery of this phenomenon, Eisen and Siskind found that 
immunization with T cell-dependent antigens elicited serum antibodies that 
underwent progressive increases in affinity over time (Eisen and Siskind, 1964). 
Hybridoma technology and antibody gene sequencing subsequently 
demonstrated the basis of affinity maturation: antigen-specific B cells 
hypermutate their variable regions and affinity-enhancing mutations are positively 
selected (Berek and Milstein, 1987; McKean et al., 1984; Weigert et al., 1970). 
Moreover, to provide antibodies with enhanced effector function, B cells undergo 
class switch recombination (CSR), thereby exchanging the constant region of 
IgM with that of the immunoglobulin G, E, or A class (Stavnezer et al., 2008). 
Thus, CSR, somatic hypermutation (SHM), and affinity-based selection together 
generate high affinity class-switched antibodies that confer protective humoral 
immunity onto the host. 
 
The workings of secondary diversification and selection of antibodies were 
further elucidated by the discovery that these processes occur in the germinal 
center (GC)	  (Berek et al., 1991; Jacob et al., 1991b). The events during the B cell 
response that culminate in the mature GC unfold in a stereotyped manner (Allen 
et al., 2007a; Victora and Nussenzweig, 2012). Following their activation, 
antigen-specific B and T cells migrate to the border that segregates their 
respective zones in secondary lymphoid organs (Garside et al., 1998; Jacob et 
al., 1991a; Liu et al., 1991; Okada et al., 2005; Schwickert et al., 2011). This 
ordered process of migration is reciprocally mediated by the chemokine 
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receptors CXCR5 and CCR7: activated B cells are attracted to the T cell zone by 
upregulation of CCR7, while T cell migration toward the B cell follicle is driven by 
upregulation of CXCR5 and downregulation of CCR7 (Reif et al., 2002). Within 
the T/B border region, B cells receive help from cognate CD4+ T cells as the B 
cells proliferate, class switch and differentiate into antibody-secreting 
plasmablasts, memory B cells or GC B cells. Interclonal competition among 
antigen-specific B cells begins at the this stage, ensuring that only B cells with 
relatively higher affinity germline-encoded antibodies will enter the GC and 
plasmablast compartments (Dal Porto et al., 2002; Paus et al., 2006; Schwickert 
et al., 2011; Shih et al., 2002a).  
 
As the extrafollicular phase of the response subsides, the mature GC persists 
within the follicle (Jacob et al., 1991a). GC B cells continue to proliferate at high 
rates, with cell cycle durations estimated between 6 and 12 hours (Allen et al., 
2007b; Hauser et al., 2007), and express the enzyme activation-induced cytidine 
deaminase (AID), which induces both SHM and CSR (Muramatsu et al., 2000; 
Muramatsu et al., 1999; Revy et al., 2000). AID deaminates cytidine residues to 
produce uridine in the variable and switch regions of the antibody gene 
(Bransteitter et al., 2003; Chaudhuri et al., 2003; Dickerson et al., 2003; Pham et 
al., 2003; Ramiro et al., 2003; Sohail et al., 2003). The resulting U-G mismatches 
are then recognized by the DNA repair machinery and can be processed in an 
error-prone manner to generate mutations or double-strand DNA breaks, leading 
to SHM and CSR, respectively (Di Noia and Neuberger, 2007; Peled et al., 
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2008). Remarkably, the rate of SHM exceeds the normal mutation rate of the 
genome by approximately one million-fold, as ~1 somatic mutation in the 
antibody gene is introduced per 103 base pairs during each cell cycle (McKean et 
al., 1984). This high rate of antibody mutation allows antibody affinity to rise 
dramatically above what is encoded in the germline, enabling rapid and potent 
antibody responses against an unlimited variety of pathogens, even those which 
humans have only been exposed to in our most recent evolutionary history. 
 
1.3 Germinal center organization and dynamics 
 
The GC is a highly organized microanatomical structure, composed of two poles 
– a light (LZ) and dark (DZ) zone (Nieuwenhuis and Opstelten, 1984). Distinct 
cell types occupy the DZ and LZ and help mediate the activities contained 
therein. For example, in addition to B cells, the LZ is occupied by follicular 
dendritic cells (FDCs) that retain antigen on their surface in the form of immune 
complexes and a specialized subset of antigen-specific CD4+ T cells known as T 
follicular helper (TFH)	  cells (Allen et al., 2007a; Mandel et al., 1980; Mandel et al., 
1981; Victora and Nussenzweig, 2012). In contrast, the DZ contains a far lower 
density of TFH cells and is instead occupied by mitotically active GC B cells that 
express high levels of AID. Over time, high affinity GC mutants emerge by 
positive selection and eventually exit the GC as memory B cells and plasma cells 
(Victora and Nussenzweig, 2012). 
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The segregation of antigen in the LZ and proliferation in the DZ requires that GC 
cells exchange between these two zones. Interzonal migration in the GC was first 
suggested by nucleotide-labeling studies, which indicated that dividing DZ cells 
become visible in the LZ over time (Hanna, 1964). Based on these studies, 
mathematical simulations suggested that the efficiency of affinity maturation 
could be achieved in an iterative fashion, by recycling only those cells that are 
selected in the LZ for another round of mutation and division in the DZ – an idea 
known as the cyclic re-entry model (Kepler and Perelson, 1993; Oprea and 
Perelson, 1997). More recently, intravital multiphoton microscopy directly 
visualized the bidirectional nature of movement of GC cells between LZ and DZ 
(Allen et al., 2007b; Hauser et al., 2007; Schwickert et al., 2007). However, 
whether interzonal migration involves equal bidirectional movement, or whether 
movement of GC cells is polarized from one zone to the other as predicted by the 
cyclic re-entry model, remained unclear. 
 
To test this idea, our laboratory previously developed a transgenic mouse 
expressing a photoactivatable green fluorescent protein (PAGFP)	  (Patterson and 
Lippincott-Schwartz, 2002; Victora et al., 2010). This system allowed DZ or LZ B 
cells to be labeled with a high degree of spatial precision by selectively 
photoactivating either zone by two-photon irradiation (Victora et al., 2010). GC B 
cells labeled in this fashion were then tracked over long periods of time, revealing 
the existence of a net vector of movement from DZ to LZ, with nearly 50% of DZ 
cells migrating to the LZ but only 10% of LZ cells migrating to the DZ within 6 
	   7 
hours. Furthermore, consistent with the idea that distinct cellular activities take 
place in the LZ and DZ, genes associated with cellular activation were 
upregulated in the LZ, while cell cycle-associated genes were highly expressed 
in the DZ. 
 
GC organization and migration are mediated by the chemokine receptors CXCR4 
and CXCR5 (Allen et al., 2004; Allen et al., 2007a). For example, CXCR4 
deficient cells in an otherwise normal GC are absent from the DZ, whereas 
CXCR5 deficiency leads to disorganized GCs devoid of discernible zones. 
Furthermore, the ligands for these receptors are zonally polarized: CXCL12 (the 
ligand for CXCR4) is produced by reticular cells in the DZ, while CXCL13 (the 
ligand for CXCR5) is present in the LZ (Allen et al., 2004; Allen et al., 2007a; 
Bannard et al., 2013). These findings have led to a model whereby LZ cells 
migrate to the DZ by upregulating CXCR4, while CXCR4 downregulation allows 
CXCR5 to guide migration to the LZ. 
 
Although positioning of GC cells in the LZ and DZ coincides with distinct cellular 
states, local cues in the DZ are not required to induce a DZ-like state or for GC 
cells to undergo activities normally associated with the function of the DZ 
(Bannard et al., 2013). Namely, CXCR4-deficient GC B cells, which remain in the 
LZ, still proliferate at near-normal levels and undergo SHM, albeit at a lower rate. 
Therefore, the transition between DZ and LZ states is independent of physical 
positioning in the GC and is thus a cell-intrinsic feature of GC B cells. 
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Nevertheless, the parameters that govern the DZ/LZ transition remain largely 
undefined. 
 
1.4 Mechanism of affinity-based selection 
 
In order for affinity-based selection to take place, higher and lower affinity GC B 
cells must compete, such that only higher affinity cells receive signal(s) that 
mediate their selective expansion. Two non-mutually exclusive possibilities have 
long been considered as the basis for this competition (Allen et al., 2007a; 
MacLennan, 1994; Victora and Nussenzweig, 2012). First, because of the 
presence of antigen in the LZ, high affinity BCRs might transduce an antigen-
mediated signal that differs from that of a lower affinity BCR. Secondly, high 
affinity BCRs can endocytose more antigen and thereby elicit more help from T 
cells by presenting a higher density of surface peptide-major histocompatibility 
class II complexes (pMHCII). However, because both of these signals are 
downstream of the BCR and are therefore inherently linked to one another, 
experimentally testing whether BCR signaling or T cell help mediate selection 
was a major challenge. 
 
1.4.1 Role of the BCR in selection 
 
Upon engagement by antigen, the signal transducing component of the BCR, the 
Ig-alpha/Ig-beta heterodimer, initiates signaling through immune receptor 
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tyrosine activation motifs (ITAMs) (Hermanson et al., 1988; Hombach et al., 
1990; Reth, 1989; Sakaguchi et al., 1988; Sanchez et al., 1993; Shaw et al., 
1990; Williams et al., 1994). Src and Syk family kinases phosphorylate ITAMs, 
thereby providing a platform that mediates a cascade of phosphorylation events 
by other SH2-domain containing kinases (Craxton et al., 1999; Gauld et al., 
2002; Kurosaki, 1999; Reth and Wienands, 1997). As a result, several 
downstream signaling pathways are activated, including the NFAT, PI3K, NF-κB 
and MAPK pathways (Kurosaki et al., 2010). 
 
B cells undergo continuous BCR-mediated selection (Meffre et al., 2000; 
Rajewsky, 1996). Beginning in development, those cells unable to produce an 
immunoglobulin heavy chain, and thus unable to produce a pre-BCR, fail to 
develop past the pro-B cell stage (Gu et al., 1993; Kitamura et al., 1992; 
Kitamura and Rajewsky, 1992; Kitamura et al., 1991). Similarly, B cell 
development is severely impeded by interference with the expression or function 
of Ig-alpha or Ig-beta (Gong and Nussenzweig, 1996; Torres et al., 1996). 
 
Mature B cells that complete development continue to maintain a requirement for 
the BCR to survive. For example, conditional genetic ablation of surface 
immunoglobulin on mature B cells leads to their rapid apoptotic demise (Lam et 
al., 1997). However, this survival requirement for the BCR is not simply a 
structural one that involves the assembly and/or surface expression of the BCR. 
Rather, B cells require continuous “tonic” signals from the BCR, since conditional 
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removal of the cytoplasmic tail of Ig-alpha, thereby leaving a signaling-deficient 
BCR expressed on the cell surface, leads to rapid B cell death as well (Kraus et 
al., 2004). Strikingly, the survival of “receptorless” B cells can be rescued by 
constitutive activation of the PI3K pathway, revealing a key role for this pathway 
in mediating continual BCR-dependent survival of mature B cells (Srinivasan et 
al., 2009). 
 
Whereas the above-described roles of the BCR in survival are independent of 
immunizing antigen, the BCR plays an antigen-dependent role in selection during 
immune responses. The antibody response is initiated when mature B cells 
encounter antigen, which can occur via several routes (Harwood and Batista, 
2010). Smaller antigens (<70 kDa) diffuse into the B cell follicles across the 
subcapsular sinus (SCS) of lymph nodes (Pape et al., 2007). Alternatively, a 
system of conduits that permeate the follicles can also deliver small antigens to B 
cells (Roozendaal et al., 2009). By contrast, larger antigens like immune 
complexes, microbial pathogens, or particulate antigens accumulate at the SCS 
on the surface of locally resident macrophages (Carrasco and Batista, 2007; Junt 
et al., 2007; Phan et al., 2007). From this location, follicular B cells can acquire 
antigen and transport it to FDCs, where it persists for long periods of time to 
allow progressive, antigen-driven selection of high affinity BCRs in the GC. 
 
The role of BCR signaling in GC selection remains elusive (Victora and 
Nussenzweig, 2012). Early work found that limiting amounts of immunizing 
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antigen produced a greater degree of affinity maturation, suggesting a potential 
role for antigen during selection (Eisen and Siskind, 1964; Goidl et al., 1968; 
Nussenzweig and Benacerraf, 1967). However, direct studies of the BCR/antigen 
interaction in the GC have been hampered by the complex nature of antigen on 
FDCs. For example, acute injection of soluble antigen to ongoing immune 
responses leads to apoptosis and the dissolution of the GC (Han et al., 1995b; 
Pulendran et al., 1995; Shokat and Goodnow, 1995; Victora et al., 2010). 
Furthermore, when FDCs lack complement receptors that bind immune 
complexes, affinity maturation, though impaired, can still occur (Boes et al., 1998; 
Chen et al., 2000; Hannum et al., 2000; Matsumoto et al., 1996; Wu et al., 2000). 
Moreover, genetic deletion of various components of BCR signaling often lead to 
impaired or absent GC responses, obscuring whether these components play a 
role in selection (Victora and Nussenzweig, 2012). Finally, it has been suggested 
that BCR signaling is actively dampened in the GC by high levels of phosphatase 
activity (Khalil et al., 2012). 
  
In order for BCR/antigen binding to mediate selection, higher affinity GC cells 
would have to prevent access of lower affinity cells to antigen on FDCs. 
However, intravital imaging has found that this is not the case: GC B cell 
interactions with FDCs displaying antigen are highly dynamic and rarely involve 
prolonged interactions that might allow discrimination among higher and lower 
affinity BCRs (Allen et al., 2007b; Hauser et al., 2007; Schwickert et al., 2007). 
Thus, a direct role for BCR signaling in the GC remains to be defined. 
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1.4.2 Role of T cell help in selection 
 
TFH cells enter the GC and are retained there by virtue of their expression of 
CXCR5 and sphingosine-1-phosphate receptor 2 (S1PR2)	   (Ansel et al., 1999; 
Haynes et al., 2007; Moriyama et al., 2014). These cells are underrepresented 
relative to GC B cells and are essential for the GC response. For example, T cell-
deficient mice do not form GCs (Jacobson et al., 1974), and T cell-independent 
responses can form only transient, abortive GCs (de Vinuesa et al., 2000). T 
cells are also important for the maintenance of established GCs, since antibodies 
that perturb the CD40/CD40 ligand (CD40L) pathway lead to acute GC 
dissolution (Han et al., 1995a). Consistent with these findings, human patients 
with mutations in either CD40 or CD40L cannot form GCs and are thus 
susceptible to opportunistic infections due to a lack of high affinity, class-
switched antibodies (Allen et al., 1993; Ferrari et al., 2001). 
 
Various lines of evidence have suggested that T cell help might play a role in 
selection. For example, antigen presentation is highly sensitive to BCR affinity. In 
vitro, BCR/antigen affinities with Kd values ~ 10-6 have been found to be 
minimally required to detectably trigger T cell responses. Above this threshold, 
antigen presentation rises with affinity until reaching a ceiling of Kd ~ 10-10, at 
which point internalization and degradation of antigen occurs more rapidly than 
dissociation of antigen from the BCR (Batista and Neuberger, 1998, 2000). 
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Consistent with the sensitivity of antigen presentation to BCR affinity, T cells 
preferentially synapse with B cells displaying higher surface densities of pMHCII 
in vitro (Depoil et al., 2005). However, in vivo, the majority of interactions 
between GC B cells and TFH cells are short-lived and therefore likely 
unproductive, raising the possibility that GC B cells compete for limiting amounts 
of help from TFH cells (Allen et al., 2007b). 
 
To examine this issue directly, our laboratory used the DEC205 lectin as an 
antigen-delivery tool. DEC205 was originally described as the target of an 
antibody clone (NLDC-145) that primarily recognized dendritic cells (Kraal et al., 
1986). This type-I transmembrane protein is homologous to the macrophage 
mannose receptor and carries a cytoplasmic domain that mediates endocytosis. 
Accordingly, targeting DEC205 with an antibody leads to internalization and 
delivery to multivesicular endosomal compartments involved in processing 
antigen for presentation on MHCII (Jiang et al., 1995). More recently, high levels 
of DEC205 expression were documented on activated B cells as well (Kamphorst 
et al., 2010; Victora et al., 2010). 
 
To utilize DEC205 to examine T cell help, GCs were induced using a prime-boost 
immunization protocol and were composed of: (1) immunoglobulin knock-in B 
cells (B1-8hi) with specificity for the chemical hapten 4-hydroxy-3-
nitrophenylacetyl (NP) and (2) endogenous ovalbumin (OVA)-specific T cells 
(Schwickert et al., 2007; Shih et al., 2002b). Critically, a minor subset of the B1-
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8hi GC B cells were DEC205+/+ (~15%), whereas the majority were DEC205-/- 
(~85%) (Victora et al., 2010). During GC responses induced in this fashion, 
pMHCII levels were acutely increased among the B1-8hi DEC205+/+ GC B cells 
by injecting anti-DEC205 antibody fused at its C-terminus to OVA (αDEC-OVA). 
Delivering antigen in this fashion bypassed the BCR while providing the targeted 
subset of B1-8hi DEC205+/+ GC B cells with greater T cell help. These 
experiments demonstrated that increasing pMHCII levels suffices to induce 
selective expansion of B cells in the GC, providing direct evidence that T cell help 
is the limiting and crucial factor during selection. 
 
1.4.3 T cell-mediated regulation of GC dynamics 
 
A striking finding in the experiments described above was that T cell help altered 
the LZ/DZ distribution of selected B cells as they underwent expansion (Victora 
et al., 2010). Although B1-8hi DEC205+/+ GC B cells receiving increased T cell 
help were retained in the LZ 12 hours after αDEC-OVA injection, these B cells 
accumulated disproportionately (>90%) in the DZ over the ensuing 36 hours. Yet 
under normal circumstances, DZ cells migrate rapidly to the LZ, raising the 
question of how so many DZ cells might be accumulating during selection. One 
possibility is that T cell-mediated selection in the LZ leads to shuttling of GC cells 
to the DZ, whereas such migration events otherwise occur with lesser frequency. 
Secondly, receipt of selecting T cell help might lead to preferential survival of 
cells that would otherwise die in the DZ. Thirdly, the magnitude of T cell help 
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might regulate the length of time that GC B cells spend in the DZ, causing cells 
that are selected following αDEC-OVA treatment to disproportionately 
accumulate in the DZ, as observed experimentally. In this thesis, I examined the 
role of T cell help in regulating the dynamics of GC B cells during their selective 
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Chapter 2: 
T cell help regulates proliferation and hypermutation 
in the germinal center 
 
2.1. Role of antigen presentation in germinal center selection 
 
I first asked whether the amount of antigen that B cells internalize regulates the 
degree of their expansion in the GC. I therefore used antibodies targeting 
DEC205 to deliver graded amounts of additional antigen to GC B cells (Jiang et 
al., 1995; Kamphorst et al., 2010; Victora et al., 2010). GCs were induced by 
priming mice intraperitoneally with the protein antigen ovalbumin (OVA), followed 
by adoptive transfer of B1-8hi immunoglobulin heavy chain knock-in B cells, 
which are specific for NP when paired with the endogenous lambda light chain 
(Igλ), and subcutaneous boosting with OVA coupled to the hapten 4-hydroxy-3-
nitrophenylacetyl (NP-OVA)	   (Schwickert et al., 2007; Shih et al., 2002a; Shih et 
al., 2002b). 
 
To examine clonal expansion among B cells receiving differing amounts of 
antigen, mice received a mixture of B1-8hi DEC205+/+ and B1-8hi DEC205−/− B 
cells at a 5:95 ratio prior to boosting. During the ongoing GC response, cognate 
OVA antigen was then delivered to DEC205+/+ GC B cells in graded amounts 
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using chimeric DEC205 antibody (αDEC-OVA, Figure 2.1A). The maximal 
antigen dose administered (10 μg of αDEC-OVA) produced rapid and robust 
expansion of the B1-8hi DEC205+/+ GC B cells (Figure 2.1B and C). Lesser 
antigen doses, delivered by mixing αDEC-OVA with a chimeric αDEC205 
antibody fused to an irrelevant control antigen Plasmodium Falciparum 
circumsporozoite protein (αDEC-CS)	   (Boscardin et al., 2006), caused the B1-8hi 
DEC205+/+ GC B cells to expand but to a lesser extent, in proportion to the dose 
of αDEC-OVA administered (Figure 2.1B and C). 
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Figure 2.1. The amount of antigen presented by GC B cells regulates their 
expansion. a, Experimental protocol used for 1b-e. Wild-type mice were primed 
by intraperitoneal immunization with OVA in alum. Two to six weeks later, mice 
received 1.5-5 x 106 B1-8hi DEC205+/+ and B1-8hi DEC205-/- B cells at a 5:95 ratio 
and were boosted with NP-OVA. On day 6 after the boost, mice were injected 
with PBS or αDEC-OVA mixed with αDEC-CS at ratios of 1:0, 1:3, 1:9, or 1:39. 
Popliteal lymph node cells were analyzed 2, 3, and 4 days later by flow 
cytometry. b, Plots showing increased expansion of B1-8hi DEC205+/+ over B1-8hi 
DEC205-/- GC B cells with increasing amounts of αDEC-OVA. c-e, Fraction of 
DEC205+/+ B cells among total B1-8hi GC B cells (c) or among B1-8hi DZ (d) or 
LZ cells (e). Error bars = SEM. Data represent 2-3 independent experiments at 
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At 48 hours after chimeric antibody injection, the dose-dependent expansion of 
B1-8hi DEC205+/+ GC B cells could be seen in the DZ and only became apparent 
in the LZ at later time points (Figure 2.1D and E). This is in agreement with the 
idea that pMHCII-mediated selection occurs in the LZ and that clonal expansion 
takes place in the DZ (Victora et al., 2010). Importantly, increasing antigen 
presentation by the B1-8hi DEC205+/+ GC B cells also led to a dose-dependent 
numerical contraction of the B1-8hi DEC205-/- GC B cell population (Figure 2.2). 
Thus, GC B cells that present increasing amounts of cognate antigen to TFH cells 
selectively and proportionally expand within the GC population at the expense of 
GC B cells that present lesser amounts of antigen. 
 
 
Figure 2.2. Selective expansion of B1-8hi DEC205+/+ GC cells involves 
contraction of B1-8hi DEC205-/- GC cells. Total number of B1-8hi DEC205-/- GC 
B cells per 106 lymph node cells from the experiment reported in Figure 2.1. 
Popliteal lymph node cells were analyzed 2 (left), 3 (middle), and 4 (right) days 
later by flow cytometry. Bars represent mean values; error bars = SEM. 
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2.2 Role of proliferation in affinity-based selection 
 
 
B cells presenting more antigen could expand within the GC population by 
undergoing less cell death and/or by proliferating more than their competitors. In 
order to examine this issue mechanistically, I therefore sought to measure 
proliferation in the GC. Conventional methods of measuring cell division include 
the use of nucleotide labeling, DNA content stains, and dye-based dilution 
methods. Nucleotide labels and DNA content stains provide information on the 
fraction of cells distributed among the different cell cycle stages at a given 
moment. These means of cell cycle analyses therefore cannot provide dynamic 
information, such as the number of divisions a cell has undergone over time, due 
to two key reasons: (1) variability in the length of time required to progress 
through each cell cycle phase and (2) the asynchronous nature of unperturbed 
cell populations in vivo. Alternatively, cell cycle dyes like carboxyfluorescein 
succinimidyl ester (CFSE) dilute with mitosis, allowing direct enumeration of the 
number of times a cell population has divided. However, this method is 
unsuitable in the context of the GC because B cells proliferate and dilute these 
dyes before forming GCs (Schwickert et al., 2011).  
 
To overcome this issue, we employed a system used by developmental biologists 
that involves dilution of a genetically encoded fluorescent protein to analyze 
proliferation dynamics (Tumbar et al., 2004). In this bi-transgenic system, a Vav 
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promoter drives expression of the tetracycline transactivator (tTA) protein, while a 
Doxycycline (DOX)-regulated promoter integrated in the endogenous Col1A1 
locus drives expression of a histone H2B-mCherry fusion protein (tTA-H2B-mCh, 
Figure 2.3A)	   (Egli et al., 2007; Wiesner et al., 2005). At steady state, 
hematopoietic cells express tTA, which induces high levels of H2B-mCh 
expression (Figure 2.3B). DOX administration represses further tTA-mediated 
expression of H2B-mCh, allowing divisions that occur during DOX administration 
to dilute the mCherry signal. 
 
Figure 2.3. The tTA-H2B-mCh system a, The tTA protein is expressed from the 
Vav promoter, which directs synthesis of the H2B-mCherry fluorescent protein. 
H2B-mCh expression can be repressed by DOX. b, Histogram showing H2B-
mCh fluorescence in B220+ peripheral blood lymphocytes in wild-type (WT, gray), 
Vav-tTA+ (red), Tet-Op-H2B-mCh+ (blue), and tTA-H2B-mCh (black) mice. 
 
To test if tTA-H2B-mCh can be used to follow proliferation of antigen-specific GC 
B cells, the prime-boost experiments described above were repeated using B1-
8hi tTA-H2B-mCh B cells. Follicular B cells, which rarely proliferate, did not dilute 
H2B-mCh after DOX treatment. In contrast, GC B cells diluted H2B-mCh after 36 
hours of DOX treatment, generating a spectrum of H2B-mCh expression that 
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included discrete peaks corresponding to cell divisions. By 84 hours, GC B cells 
had completely diluted H2B-mCh (Figure 2.4).  
 
Figure 2.4. Using the tTA-H2B-mCh system to analyze GC B cell division. 
Histograms show H2B-mCh expression in B1-8hi tTA-H2B-mCh B cells in the 
follicular (upper) and GC (lower) compartment of mice that were given DOX for 
36 hours (red), 84 hours (blue), or untreated (black). Solid gray represents non-
fluorescent B cells in the indicated compartment. 
 
To further confirm that H2B-mCh dilution reflects bona fide cell divisions, purified 
splenic B cells from tTa-H2B-mCh mice were labeled with CFSE and cultured 
with lipopolysaccharide (LPS) and interleukin (IL)-4. After 72 hours, gating on 
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a proportional number of times. We conclude that the tTA-H2B-mCh can be used 
to monitor GC B cell proliferation dynamics. 
 
 
Figure 2.5. H2B-mCh dilution reflects bona fide cell division. Left, Purified 
splenic B cells from tTA-H2B-mCh mice were labeled with CFSE and stimulated 
with LPS and IL-4 in culture for 0 or 72 hours (gray and black, respectively). 
Middle, Color-coded H2B-mCh gates after 72 hours in culture. Right, Histogram 
displaying CFSE levels for the color-coded H2B-mCh gates.  
 
To determine whether T cell help controls the number of cell cycles GC B cells 
undergo, I delivered additional antigen to GC B cells using αDEC-OVA. After 60 
hours on DOX, B1-8hi DEC205+/+ tTA-H2B-mCh GC B cells from control mice, 
treated with either αDEC-CS or PBS, were nearly evenly distributed among 
mChMed, Lo, and − groups, representing cells that had progressively divided a 
greater number of times (Figure 2.6). In contrast, in the same timeframe, αDEC-
OVA induced selection caused ~50% of targeted GC B cells to become mCh− 
while ~40% became mChLo. Thus, increased T cell help leads to a greater 
number of cell divisions by GC B cells undergoing selective expansion.  
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Figure 2.6. T cell help regulates the number of GC B cell divisions. a, 
Histogram displaying H2B-mCh expression in B1-8hi tTA-H2B-mCh GC B cells in 
mice receiving a 5:95 mixture of B1-8hi tTA-H2B-mCh and B1-8hi DEC205-/- B 
cells and treated with either PBS (black), αDEC-CS (red), or αDEC-OVA (blue) 
for 72 hours and administered DOX for 60 hours prior to flow cytometry. b, Bar 
graph represents mean fraction of B1-8hi tTA-H2B-mCh GC B cells in the gates 
displayed in a. Data represent 3 experiments with 2-3 mice per condition in each 
experiment. * p<0.005, two-tailed Mann-Whitney test. 
 
 
Concomitant with the increased number of cell divisions, selectively expanding 
GC B cells were altered in their LZ/DZ distribution (Figure 2.7). Control cells were 
found in the DZ and LZ at a ~2:1 ratio, while αDEC-OVA targeted GC B cells 
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Figure 2.7. T cell help shifts LZ/DZ distribution of selected GC B cells. 
Percent of B1-8hi tTA-H2B-mCh GC B cells with a DZ phenotype within the H2B-
mCh gates displayed in Figure 2.6A. ** p < 0.001; *** p < 0.0001, two-tailed 
Mann-Whitney test. 
 
2.3. Dynamic regulation of interzonal migration in the germinal center 
 
To examine cell cycle dynamics and their regulation during selection, I used a 
double-nucleoside pulse method. For this purpose, GC B cells were labeled with 
an intravenous pulse of 5-ethynyl-2′-deoxyuridine (EdU) followed 1 hour later by 
5-bromo-2′-deoxyuridine (BrdU), which are incorporated into the DNA of cells 
that are in S phase at the time of injection. This method allows GC B cells to be 
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Figure 2.8. EdU/BrdU labeling strategy to examine S phase dynamics in the 
GC. Mice with ongoing GCs were injected intravenously with EdU followed 1 hour 
later by BrdU. Flow cytometry was performed a half-hour after BrdU 
administration. Early S phase cells incorporate only the second nucleotide analog 
and are thus EdU-BrdU+. Mid/late S phase cells incorporate both nucleotide 
analogs and are therefore EdU+BrdU+. Post-S phase cells that completed S 
phase in between the two pulses are EdU+BrdU-. 
 
Under control conditions, GC B cells in early and mid/late-S phases were in both 
LZ and DZ; post-S phase cells were mainly in the DZ (Figure 2.9). This finding is 
consistent with the notion that GC B cells can initiate S phase in the LZ and then 
migrate to the DZ to complete the cell cycle. Moreover, the ~2:1 DZ:LZ ratio of 
early S phase cells suggests that, once in the DZ, GC B cells can initiate two 
additional cell divisions on average. In contrast, inducing selection with αDEC-
OVA shifted early S phase cells to the DZ (~86%), while fewer early S phase 
cells among non-selected B1-8hi DEC205-/- cells were in the DZ (59%). I conclude 
a
Extended Data Figure 3
G1 S G2 MEarly S (EdU-BrdU+) 
Mid/late S (EdU+BrdU+) 
Post-S (EdU+BrdU-) 
G1 S G2 M
G1 S G2 M
EdU
Flow Cytometry
1 hr 0.5 hr
BrdU




















































































B1-8hi DEC205+/+ GC B cells B1-8hi DEC205-/- GC B cellsd
	   27 
that increasing the amount of antigen presented to TFH cells increases the 
proportion S phase initiation events that take place in the DZ.  
 
 
Figure 2.9. T cell-mediated selection increases S phase initiation in the DZ. 
a, OVA-primed recipient mice received 5 x 106 B1-8hi DEC205+/+ and B1-8hi 
DEC205-/- B cells at a 15:85 or 50:50 ratio. On day 6 after boosting with NP-OVA, 
mice that received the 15:85 transfer were injected with αDEC-OVA; mice that 
received the 50:50 transfer were injected with PBS. At 48 hours after treatment, 
draining lymph nodes were analyzed by flow cytometry. A representative plot 
showing EdU and BrdU incorporation among GC B cells is shown. b, Percent of 
early (E), mid/late (M/L), and post- (P) S phase GC B cells of B1-8hi DEC205+/+ 
(left) and B1-8hi DEC205-/- (right) genotypes with a DZ surface phenotype. Black 
squares represent αDEC-OVA treatment; white squares represent PBS controls. 
Data represent two independent experiments with 6-7 mice per condition in total. 
Squares in b represent mean values; error bars = SEM. 
 
The above findings suggest that selected GC B cells initiate additional cell cycles 
in the DZ before returning to the LZ. I reasoned that if selected B cells accrue 
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To test this idea, I used photoactivation to examine whether selected B cells that 
present higher levels of antigen dwell longer in the DZ. GCs were induced in 
OVA-primed mice that received B1-8hi DEC205+/+ B cells expressing a 
photoactivatable green fluorescent protein (B1-8hi PAGFP+) and B1-8hi 
DEC205−/− B cells. On day 6 after the boost, selection was induced by injecting 
αDEC-OVA (Figure 2.10).  
 
 
Figure 2.10. Photoactivation of GC B cells in the DZ of ongoing immune 
responses. OVA-primed mice received adoptive transfers of 5 x 106 B1-8hi 
PAGFP+ and B1-8hi DEC205-/- B cells at a 15:85 ratio or 5 x 106 B1-8hi PAGFP+ B 
cells alone as a control. Recipient mice were then boosted with NP-OVA, and 
mice receiving the 15:85 mixed B cell transfer were injected with αDEC-OVA on 
day 6. On day 7, NP-tdTomato was injected to visualize the LZ (red). On day 8, 
DZ cells were photoactivated subjacent to the red fluorescently labeled LZ areas. 
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After 48 hours, when selection is still ongoing, DZ cells were photoactivated and 
lymph node cells were then analyzed by flow cytometry either 0 or 6 hours after 
photoactivation (Figure 2.11).  
 
 
Figure 2.11. Experimental protocol for photoactivation of the DZ and flow 
cytometric analysis. a, Diagrammatic representation of experimental protocol 
used in Figure 2.10 and 2.12. b, Gating strategy used in flow cytometric analysis 





57% of photoactivated DZ cells became LZ cells after 6 hours under control 
conditions. In contrast, B1-8hi PAGFP+ cells in the midst of expansion became LZ 
cells at nearly half this rate (Figure 2.12). Thus, GC B cells undergoing selection 
due to increased antigen presentation reside longer in the DZ, providing them 
more time to divide before returning to the LZ. I conclude that TFH cells regulate 
a
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the number of cell divisions initiated by a GC B cell that passes through the DZ, 
in direct proportion to the amount of antigen presented.  
 
 
Figure 2.12. T cell-mediated selection in the GC involves longer DZ 
residence time. a, Representative flow cytometry plots are shown displaying 
CD86 and CXCR4 surface phenotype at 0 and 6 hours after photoactivation. 
Gates for LZ cells are shown (CD86+CXCR4low) among photoactivated GC B 
cells. b, Percent of photoactivated B1-8hi PAGFP+ GC B cells with a LZ surface 
phenotype at 0 or 6 hours after photoactivation. Each symbol represents one 
mouse. Data represent multiple independent experiments. ** p = 0.0022, two-
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2.4. Germinal center selection in the polyclonal immune response 
 
I next sought to test if the variable number of DZ divisions that selected cells 
undergo might be reflected in the polyclonal system. To this end, I examined if 
BCR affinity in polyclonal GCs is correlated with increased cell division, using the 
well-characterized response of C57BL/6 mice to NP (Allen et al., 1988). To 
generate polyclonal GCs, I immunized non-Ig transgenic, tTA-H2B-mCh mice 
with NP-OVA. Beginning on day 12.5 after immunization, DOX was administered 
for 36 hours and mChHi and mChLo GC B cells, representing lesser and greater 
extents of proliferation, respectively, were isolated by cell sorting (Figure 2.13).  
 
 
Figure 2.13. Use of the tTA-H2B-mCh system to analyze polyclonal GC B 
cells. tTA-H2B-mCh mice were immunized with NP-OVA in alum and 
administered DOX for 36 hours beginning at 12.5 days after immunization. 
Representative histogram is shown displaying H2B-mCh expression among GC 
B cells and mChHi and mChLo gates used for cell sorting and analyzing antibody 
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Anti-NP GCs frequently utilize the VH186.2 family of antibody genes, in which a 
tryptophan to leucine mutation at position 33 (W33L) increases antibody affinity 
by approximately tenfold. Among the mChLo cells, I found that 35.9% were 
W33L+; only 6% of mChHi cells, which underwent fewer divisions, were W33L+ 
(Figure 2.14, p < 0.0001). 
 
Figure 2.14. Affinity-enhancing mutations in polyclonal GCs are associated 
with increased cell division. VH186.2 antibody genes from mChHi (right) and 
mChLo  (left) GC B cells (using gates shown in Fig. 2.13) were cloned and 
sequenced on day 14 after NP-OVA immunization. The number of W33L+ clones 
among total VH186.2 sequences analyzed is shown in center of pie chart and 
was compared using Fisher’s Exact test. Data are pooled from 2 independent 
experiments with 2 mice per experiment. 
 
Thus, affinity-based selection in polyclonal GCs is associated with increased 
proliferation. Notably, mChLo cells are not all W33L+, and some W33L+ mutants 
































































	   33 
proliferating high affinity mutants will accrue additional mutations that can affect 
BCR affinity either positively or negatively, leading these subclones to undergo 
different rates of proliferation, death or differentiation. 
 
2.5. Regulation of somatic hypermutation in the germinal center 
 
~1 somatic mutation per 103 base pairs is predicted to occur in the antibody gene 
during each cell cycle in the GC (McKean et al., 1984). Thus, because TFH cells 
regulate the number of cell divisions in the GC, they might also regulate the 
amount of hypermutation that GC B cells accumulate. To examine this, I 
immunized tTA-H2B-mCh mice with NP-OVA, purified mChHi and mChLo GC B 
cells by cell sorting, and analyzed the JH4 intron, since this non-coding region is 
hypermutated but not subjected to selection (Jolly et al., 1997). Indeed, GC B 
cells that proliferated more were significantly more mutated than GC cells that 
divided less (Figure 2.15, p < 0.0001). 
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Figure 2.15. GC B cells that undergo more cell divisions accumulate a 
greater degree of somatic hypermutation. Mutation frequency within the JH4 
intron among mChHi and mChLo GC B cells and follicular (Fo) B cells is displayed. 
Cell sorting was performed on day 7 after NP-OVA immunization, following 36 
hours on DOX. Data are pooled from 2 independent experiments with 2-3 mice 
per experiments and involve analysis of over 160 clones for GC B cells and 51 




High levels of hypermutation are required to generate high affinity antibodies to 
HIV-1 that neutralize a broad diversity of viral variants, thus presenting a major 
obstacle to HIV-1 vaccine development (Scheid et al., 2009; Scheid et al., 2011; 
Walker et al., 2009; West et al., 2014a; Wu et al., 2010; Xiao et al., 2009). To 
determine if hypermutation accumulates differentially among GC B cells 
responding to HIV-1 gp120, tTA-H2B-mCh mice were immunized with HIV-1YU2 
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GCs that divided the most were also significantly more mutated than lesser 
divided mChHi GC or follicular B cells (Figure 2.16).  
 
 
Figure 2.16. Somatic hypermutation is correlated with cell division in anti- 
gp120 GCs. Mutation frequency in the JH4 intron was assessed in tTA-H2B-mCh 
mice on day 9 after immunization with YU2-gp120. Gates used for sorting mChHi 
and mChLo GC B cells are shown in Figure 2.13. Data are pooled from 2 
independent experiments with 2-3 mice per experiment. Over 140 clones each 
were analyzed for mChHi and mChLo GC B cells and 94 clones were analyzed for 
follicular (Fo) B cells. *** p < 0.0001, χ2 test with Yates correction. 
 
 
Thus, T cells control the number of times that B cells divide in the DZ before 
migrating to the LZ, and increased cell division is associated with both higher 
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Chapter 3: 
T cell help controls the speed of the cell cycle in 
germinal center B cells  
 
3.1. Transcription regulation during germinal center selection 
 
Having found that T cell-mediated selection regulates the retention time of GC 
cells in the DZ, I sought to explore whether additional mechanisms might 
contribute to selection. To this end, I first sought to determine if GC B cells 
receiving enhanced T cell help display a specific change in transcriptional profile. 
However, αDEC-OVA-induced selection increases the fraction of cells in the 
S/G2/M phases of the cell cycle (Gitlin et al., 2014; Victora et al., 2010), 
potentially biasing the results of bulk gene expression analysis. Therefore, 
transcriptional profiles of control and selected DZ cells in the G1 phase of the cell 
cycle were compared. To isolate these cells, I bred DsRed and fluorescent 
ubiquitination-based cell cycle indicator (Fuccitg) transgenic mice onto the B1-8hi 
DEC205+/+ background described above (Aiba et al., 2010; Sakaue-Sawano et 
al., 2008). B1-8hi DsRed+ Fuccitg DZ cells in the G1 phase could then be isolated 
by cell sorting based on fluorescence (Figure 3.1).  
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Figure 3.1. Experimental strategy to analyze gene expression in G1 DZ 
cells during T cell-mediated selection and control conditions. a, 
Experimental protocol used for transcriptional profiling data on G1 DZ cells. b, 
Flow cytometry plot showing fluorescent separation of G1 and S/G2/M cell cycle 
phases among B1-8hi DsRed+ Fuccitg GC B cells. 
 
 
Comparing these cells by RNA sequencing after 48 hours of treatment with either 
αDEC-CS or αDEC-OVA revealed that, even when comparing the same cell 
cycle phase, T cell-mediated selection induced cell cycle and metabolic gene 
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Figure 3.2. T cell help regulates cell cycle and metabolic gene expression 
programs in selected GC B cells. Enrichment plots are shown for selected 
gene sets from the Broad GSEA mSig database. Data are from experiment 
described in Figure 3.1 and corresponding text. 
 
 
To analyze potential transcription factors whose activity might be induced by T 
cell help, we performed gene set enrichment analysis of transcription factor 
targets and found that T cell help regulated target genes downstream of c-Myc 
and the E2F family of transcription factors. This is consistent with previous work 
that found that T cell help directly induces expression of c-Myc in the LZ (Calado 
et al., 2012; Dominguez-Sola et al., 2012). Thus, target gene transactivation by c-
Myc continues to be apparent as selected cells move to the DZ (Figure 3.3). 
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Figure 3.3. T cell help induces target genes downstream of c-Myc and E2F 
transcription factors. RNA sequencing analysis displaying genes up- or down-
regulated by a fold-change of at least 0.6 (log2) after αDEC-OVA or αDEC-CS 
injection. For clarity, only regulated c-Myc and E2F target gene sets are shown. 
Normalized RNA abundance was calculated as [log2(αDEC-CS) + log2(αDEC-
OVA)]/2. Results represent 2 independent experiments. 
 
 
E2F transcription factors are the primary drivers of the cell cycle and are 
repressed by the retinoblastoma (Rb) protein. Cyclin-dependent protein kinases 
(CDKs) phosphorylate Rb, thereby relieving E2F of Rb-mediated repression 
(Chellappan et al., 1991; Chen et al., 2009). Consistent with our transcriptional 
data, increased T cell help led to enhanced Rb phosphorylation in selected GC B 
cells (Figure 3.4). E2F and c-Myc promote cell cycle phase transitions, regulate 
nucleotide metabolism, and control DNA replication dynamics (Bester et al., 
2011; Chen et al., 2009; Dang, 2012; Dominguez-Sola and Gautier, 2014), 
suggesting that T cell-mediated selection might control the cell cycle dynamics of 
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Figure 3.4. T cell help induces increased Rb phosphorylation in selected 
GC B cells. Histograms show intracellular Rb phosphorylation in B1-8hi 
DEC205+/+ and B1-8hi DEC205-/- GC B cells on day 2 after treatment with αDEC-




3.2. Regulation of cell cycle dynamics in the germinal center 
 
To examine cell cycle dynamics during GC selection, we utilized the sequential 
EdU/BrdU double-pulse method developed above together with DNA content 
staining with 7-aminoactinomycin D (7-AAD) to determine current cell cycle 
stage. At 0.5 hours after the double-pulse, early S phase cells (EdU-BrdU+ 
labeled) had replicated such a small fraction of their genome that their DNA 
content resembled that of G1 phase cells (Figure 3.5). Mid/late-S phase cells 
(EdU+BrdU+ labeled) appeared to span the spectrum of S phase; post-S phase 
cells (EdU+BrdU- labeled) were either in G2/M phase or in G1 phase of the 
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Figure 3.5. Combining sequential EdU/BrdU double-pulse method with DNA 
content staining. a, Representative pseudocolor plot displays B1-8hi GC B cells 
from draining lymph nodes of mice that were injected intravenously with EdU 
followed 1 hour later by BrdU and then analyzed by flow cytomtery 0.5 hours 
later. b, DNA content plots show gated cell populations shown in a (black) 
against total GC B cell population (solid gray). 
 
 
B1-8hi DEC205+/+ and B1-8hi DEC205-/- post-S phase GC B cells were similarly 
distributed between G2/M and G1 under control conditions, indicating similar 
rates of progression through G2/M. By contrast, inducing selection by αDEC–
OVA induced B1-8hi DEC205+/+ but not B1-8hi DEC205-/- GC B cells to return to 
G1 more quickly, indicating rapid and selective G2/M progression (Figure 3.6). 
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Figure 3.6. T cell help accelerates progression of selected GC B cells 
through G2/M phases. Mean percent of cells in G2/M among EdU+BrdU- (post-
S phase) B1-8hi DEC205+/+ and B1-8hi DEC205-/- GC B cells after treatment with 
αDEC-OVA or αDEC-CS (control) 2 days earlier. Lines connect indicated cell 
populations from the same animal. Data represent 2 independent experiments. 
**** p < 0.0001, two-tailed paired T test. 
 
 
To examine S phase dynamics during T cell-mediated selection, GC B cells were 
followed at 2.5 and 5 hours after a sequential EdU/BrdU double-pulse. At 2.5 
hours, cells which were in early S phase at 0.5 hours (EdU-BrdU+ labeled) had by 
this time progressed into mid/late-S phase as determined by DNA content. 
Moreover, with only these 2 additional hours, selected GC B cells accumulated 
more DNA content than non-selected GC B cells, indicating that they had 
replicated their genomes more rapidly than control cells (Figure 3.7). After 5 
hours, nearly half of the EdU-BrdU+ cells had completed S phase, reaching G2/M 
or the following G1. T cell help induced by aDEC-OVA significantly accelerated 
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greater fraction of these cells completed DNA replication within 5 hours than non-
selected B1-8hi DEC205-/- GC cells (Figure 3.8). Thus, T cell help accelerates 
progression through both the S and G2/M phases of the cell cycle. 
 
Figure 3.7. T cell help accelerates the speed of DNA replication. a, 
Histograms show DNA content accumulation among EdU-BrdU+ GC B cells at 0.5 
and 2.5 hours after the EdU/BrdU double-pulse. Solid gray represents all GC B 
cells within the same animals. b, Median fluorescence intensity (MFI) was 
measured in EdU-BrdU+ GC B cells 2.5 hours after the EdU/BrdU double-pulse. 
Fraction of the genome was then calculated as [(MFI of EdU-BrdU+ GC 
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Figure 3.8. T cell help accelerates progression of selected GC B cells 
through S phase. a, Representative flow cytometry plots show progression of 
EdU-BrdU+ GC B cells (black dots) through the cell cycle phases at 0.5, 2.5, and 
5 hours after an EdU/BrdU double-pulse. b, Mean percent of GC B cells in S 
phase gate shown in a among EdU-BrdU+ B1-8hi DEC205+/+ (black squares) and 
B1-8hi DEC205-/- (white squares) cells.  
 
 
I next sought to validate these findings in the context of the polyclonal immune 
response. To do so, I utilized the antibody response to NP in C57BL/6 mice. As 
described above, high affinity clones in anti-NP GCs carry the W33L mutation, 
and additionally a lysine to arginine mutation at position 59 (K59R) in the VH186.2 



















































































0.5 2.5 5 0.5 2.5 5
NS ***
0.5 h
EdU-BrdU+ GC cells, time after double-pulse:




















































































0.5 2.5 5 0.5 2.5 5
NS ***
0.5 h
EdU-BrdU+ GC cells, time after double-pulse:




	   45 
NP-OVA 2 weeks earlier were pulsed with EdU, followed by BrdU to inhibit 
further EdU uptake after 30 minutes (Figure 3.9).  
 
Figure 3.9. EdU/BrdU labeling of polyclonal GCs. a, C57BL/6 mice were 
injected with EdU only (right) or with BrdU 5 minutes prior to EdU (left). Flow 
cytometry of GC B cells in peyer’s patches shows that the presence of BrdU 
inhibits EdU uptake. b, Experimental protocol used in Figure 3.10. C56BL/6 mice 
were immunized intraperitoneally with NP-OVA in alum. On day 14, mice were 
injected with EdU and then 0.5 hours later with BrdU. After 3.25 hours, cells were 
sorted using the gates shown in Figure 3.10 and antibody gene sequences were 
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After 3.25 hours, two populations of EdU+ GC cells are evident based on DNA 
content: (1) EdU+ S/G2/M cells, which consist of cells that were in early S phase 
during the EdU injection and/or cells that progressed slowly through S/G2/M; (2) 
EdU+ G1 cells, which consist of cells that were near completion of S phase during 
the EdU injection and/or progressed rapidly through S/G2/M (Figure 3.10A). 
Thus, if rapid progression through S/G2/M is also feature of polyclonal immune 
responses, then affinity-enhancing mutations should be enriched in the EdU+ G1 
population. Cloning and sequencing of the antibody variable regions revealed 
that EdU+ G1 cells were indeed significantly enriched in high affinity clones 
compared to EdU+ S/G2/M cells (Figure 3.10B). Thus, affinity-enhancing 
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Figure 3.10. Affinity-enhancing mutations are associated with rapid 
progression through S/G2/M in polyconal GC responses. a, C57BL/6 mice 
were treated as described in Figure 3.09B and corresponding text. A 
representative pseudocolor plot is shown with gates used to sort GC B cells that 
are EdU+ and in either the G1 or S/G2/M cell cycle phases based on DNA 
content. b, Pie charts show the frequency of W33L (black) and K59R (red) 
affinity-enhancing mutations among VH186.2 sequences analyzed in sorted EdU+ 
G1 or EdU+ S/G2/M GC B cells. One sequence was positive for both W33L and 
K59R mutations and is counted in the black slice of EdU+ S/G2/M cells. The 
number of clones analyzed is displayed in the center of the pie charts. Statistical 
significance was assessed with the Fisher’s exact test. Results are pooled from 2 
independent experiments with 10 mice each. 
 
3.3 Mechanism of DNA replication control in the germinal center 
 
Upon committing to the cell cycle, GC B cells spend most of their time in S phase 
until completion of the cell cycle (Gitlin et al., 2014). I therefore sought to 
understand the basis for T cell-mediated regulation of S phase progression. It 
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(Nordman and Orr-Weaver, 2012). For example, the earliest embryonic cell 
cycles involve rapid S phases. Following the midblastula transition, embryonic S 
phases lengthen considerably. In this context, regulation of S phase is controlled 
at the level of DNA replication initiation (Blumenthal et al., 1974; Collart et al., 
2013; Hyrien et al., 1995; McKnight and Miller, 1977). Namely, early S phases 
are rapidly completed due to an increased number of replication origins that fire 
with a high level of synchronicity. As development proceeds, fewer replication 
origins fire and do so much less synchronously, causing certain genomic regions 
to be replicated relatively later in S phase than others due to a relative paucity of 
origins in late-replicating regions. 
 
Based on these findings, I first sought to evaluate the dynamics of DNA 
replication initiation. For this purpose, I sorted and sequenced the genomes of 
B1-8hi DEC205+/+ GC B cells in G1 and S phase after treatment with αDEC-CS or 
after inducing their selection with αDEC-OVA. In a sorted population of S phase 
cells, regions of the genome that replicate early during S phase, and which thus 
contain a higher density of origins, have higher copy number than regions that 
replicate later during S phase. Normalizing the read depth of S phase cells to a 
matched sample of G1 phase cells corrects for any sequence elements that 
might bias read depth (Koren et al., 2014; Koren et al., 2012). Using this method, 
we obtained global profiles of the temporal order of DNA replication. Independent 
profiles generated in this manner were highly correlated with each other (r > 0.91) 
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and displayed significant similarity (r > 0.73) to replication timing profiles of 
mouse lymphocytic leukemia cells (Figure 3.11)	  (Yaffe et al., 2010).  
 
Figure 3.11. Correlation in replication timing profiles between biological 
conditions, biological replicates, and the L1210 mouse lymphocytic 
leukemia cell line. Correlation matrix shows degree of similarity in the indicated 
replication timing profiles. 
 
 
Surprisingly, DNA replication initiation dynamics among selected and non-
selected GC B cells was essentially identical (r = 0.98), involving the same 
locations and activation times of replication origins throughout the genome 
(Figure 3.12). Thus, T cell help induces a proportional condensing of the 
replication timing program during S phase, preserving the overall dynamics of 
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Figure 3.12. T cell-mediated acceleration of S phase does not involve 
altering the initiation dynamics of DNA replication. a, DNA replication timing 
for chromosome 1 is shown. Replication timing values were determined by 
analyzing the ratio of DNA copy number between S and G1 phase B1-8hi 
DEC205+/+ GC B cells treated with either αDEC-CS or αDEC-OVA. b, Genome-
wide correlation plot of replication timing in αDEC-CS and αDEC-OVA conditions.  
 
In vitro, DNA replication forks can be accelerated by enhanced c-myc, CDK 
activity and nucleotide metabolism (Anglana et al., 2003; Bester et al., 2011; 
Malinsky et al., 2001), but a physiological role for S phase regulation by these 
means has not been observed. Because T cell-mediated selection elicits similar 
changes in GC B cells, I sought to visualize the progression of DNA replication 
forks by single-molecule analyses (Jackson and Pombo, 1998). In order to do so, 
mice were administered the nucleoside analog 5-iodo- 2’deoxyuridine (IdU) for 20 
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Figure 3.13. Single-molecule imaging of DNA replication in GC B cells. 
Experimental protocol used in Figure 3.14. OVA-primed recipient mice received 
an adoptive transfer of B1-8hi DEC205+/+ and B1-8hi DEC205-/- B cells at a 15:85 
or 50:50 ratio and were then subcutaneously boosted with NP-OVA. On day 6 
after the boost, mice receiving the 15:85 transfer were treated with αDEC-OVA, 
and mice receiving the 50:50 transfer were treated with αDEC-CS. After 2 days, 




B1-8hi DEC205+/+ GC B cells were isolated by cell sorting and DNA fibers were 
stretched on glass slides to measure the lengths of replication tracks among 
individual DNA molecules. T cell-mediated selection significantly increased both 
the average length of replication tracks and the distribution of lengths of 
replication tracks (Figure 3.14, p <0.0001). I conclude that T cell help accelerates 
S phase by increasing the speed of individual DNA replication forks, rather than 


















































































































	   52 
 
Figure 3.14. T cell help accelerates S phase by increasing the speed of 
DNA replication forks. a, Experiment was performed as described in Figure 
3.13 and corresponding text. Representative IdU-labeled DNA fibers are shown. 
b, Dot plot displaying replication track lengths from B1-8hi DEC205+/+ GC B cells 
treated with αDEC-CS or αDEC-OVA. Each dot represents a measured fiber; red 
lines represent mean values. Results are pooled from 2 independent experiments 
involving over 220 measured fibers in total for each condition. c, Distribution of 
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In 1884, Walther Flemming provided the first description of the germinal center 
as a site of intensely proliferating lymphocytes within secondary lymphoid organs 
(reviewed in Nieuwenhuis and Opstelten, 1984). Although Flemming proposed 
that the GC was as a source of lymphocytes, it is now well understood that the 
GC is, in fact, the site where affinity maturation takes place. 
 
Affinity maturation refers to the serological phenomenon whereby antibody 
affinity rises gradually after infection or immunization (Eisen and Siskind, 1964). 
The GC accomplishes this task by clonal expansion of antigen-specific B cells, 
random SHM of their antibody genes, and subsequent selection of only those 
mutant antibody clones with increased affinity (Berek et al., 1991; Brown et al., 
1992; Jacob et al., 1991b; Kocks and Rajewsky, 1988; McKean et al., 1984). 
Selected GC B cells differentiate into long-lived plasma cells, which 
predominantly populate the bone marrow and secrete high affinity antibodies, 
and memory B cells, which recirculate and can be activated upon encountering 
antigen to produce a robust secondary response (Smith et al., 1997; Tarlinton 
and Good-Jacobson, 2013). Thus, although affinity-based selection in the GC 
has a central role in the formation of humoral immunity, its dynamic basis has 
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been enigmatic. In this thesis, I have examined the underlying mechanisms and 
dynamics that allow B cells with the highest affinity for antigen to be selectively 
expanded in the GC. 
 
4.1 Germinal center dynamics and selection 
 
Early studies on the GC found that it could be divided into two microanatomical 
regions: a light zone (LZ) and a dark zone (DZ)	   (Nieuwenhuis and Opstelten, 
1984). Histologically, these zones differed dramatically. The DZ contained larger 
cells undergoing mitosis (referred to as centroblasts); the LZ contained smaller, 
non-proliferative cells (referred to as centrocytes), as well as follicular dendritic 
cells (FDCs) and helper T cells. FDCs in the LZ were found to retain and display 
the inducing antigen for long periods of time in the form of immune complexes 
(Mandel et al., 1980; Mandel et al., 1981). These observations suggested that 
migration of B cells between the two zones must occur in order for B cells that 
diversify their receptors in the DZ to undergo antigen-driven selection in the LZ. 
Evidence for such migration was first provided by nucleotide-labeling studies that 
observed such exchange (Hanna, 1964). However, intravital imaging found that 
while B cells did migrate interzonally, cells in both zones were highly dynamic, 
morphologically similar, and could in fact synthesize DNA in both zones (Allen et 
al., 2007b; Hauser et al., 2007; Schwickert et al., 2007). 
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Combining photoactivation with intravital imaging helped reconcile these findings 
with the classical model of GC selection (Victora et al., 2010). Namely, GC B 
cells did indeed migrate interzonally, but with a net vector of movement from DZ 
to LZ, suggesting that only a limited number of selected LZ cells could return to 
the DZ to expand. These findings thereby provided confirmatory in vivo evidence 
for the cyclic re-entry model of selection (Kepler and Perelson, 1993; Oprea and 
Perelson, 1997). Moreover, while DNA synthesis took place in both zones, the 
completion of the cell cycle – G2/M – occurred predominantly in the DZ. Thus, LZ 
cells in the G1 phase might receive a signal to initiate S phase, but would then 
likely migrate to the DZ in order to finish S phase and proceed through the G2/M 
phases. Once in the DZ, B cells could then continue to initiate additional cell 
cycles before undergoing another round of selection in the LZ. 
 
With these insights into GC dynamics, the mechanistic nature of the selecting 
agent in the LZ still remained unresolved. The main challenge in this regard was 
the dual nature of the BCR, as it can mediate both signal transduction and 
endocytosis of antigen for presentation to T cells. This issue was overcome by 
generating mixed GCs, composed mainly of DEC205-/- B cells mixed with a minor 
fraction of DEC205+/+ B cells, with both subsets carrying the same B1-8hi BCR 
specific for NP (Victora et al., 2010). Acute delivery of αDEC205 fused at its C-
terminus to the carrier protein OVA, but not to an irrelevant protein antigen, 
induced the selective expansion of B1-8hi DEC205+/+ GC B cells by enhancing 
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their receipt of cognate T cell help. Importantly, the DEC205 antigen-delivery 
system was the first to separate the downstream functions of the BCR – it 
increased antigen presentation without engaging or cross-linking the BCR. This 
demonstrated that increasing pMHCII on the surface of a subset of GC B cells 
sufficed to induce their selection. Furthermore, differential antigen presentation in 
the GC was shown to be required for affinity maturation, since indiscriminately 
increasing pMHCII on all of the B cells in the GC through DEC205, thereby 
“blinding” GC B cells to the amount of antigen their BCRs can internalize, 
prevented both the selection of high affinity GC mutants and the maturation of 
serum antibody affinity. Thus, T cell help, rather than BCR cross-linking and/or 
signaling, is both a necessary and sufficient factor in GC selection. 
 
4.2 T cell-mediated germinal center selection 
 
The key question arising from the above studies, and which I have addressed in 
this thesis, is how T cell help regulates the dynamics of GC B cells in order to 
mediate the selective expansion of high affinity cells. In principle, reducing cell 
death and/or increasing proliferation could allow T cell help to produce selective 
expansion of a subset of high affinity cells in the GC. Notably, studies in which 
GC B cells were isolated from human tonsils found that these cells rapidly 
underwent apoptosis when cultured (Liu et al., 1989). Non-GC B cells isolated 
from the same tissue did not undergo apoptosis at such high rates. However, 
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stimulating tonsillar GC B cells in culture through their BCRs and by agonistic 
CD40 antibodies substantially prevented their death in vitro. These findings led to 
the notion that GC B cells are physiologically programmed to die by apoptosis 
unless rescued by such signals – a potential mechanism for antigen-driven 
selection, since high affinity cells would presumably receive such survival signals 
to either a greater extent or with greater likelihood than would lower affinity cells. 
In contrast, regulation of cell division in the GC, and whether it might play a role 
in affinity-based selection, had been far less studied and understood. 
  
4.2.1. T cell-regulated proliferation dynamics in the germinal center 
 
To gain insight into the dynamics of proliferation in the GC, I first sought to 
develop a tool that could measure the number of cell cycles a GC B cell has 
undergone. Conventional methods that are commonly used for this purpose 
include, among other techniques, CFSE dilution and nucleotide labeling. 
However, in the context of the GC, nucleotide labeling cannot provide dynamic 
information, and CFSE cannot be utilized due to the large number of cell divisions 
that B cells undergo at the T/B border, prior to GC coalescence. 
 
The need for improved cell division techniques in vivo has been addressed in the 
developmental and stem cell biology fields through the use of “Tet-off” systems 
(Tumbar et al., 2004). These systems employ histone H2B proteins fused to 
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fluorescent proteins as markers of division, which in the case of this thesis was 
an H2B-mCherry protein. Thus, under steady state conditions, a tetracycline 
transactivator protein (tTA) drives expression of high levels of H2B-mCherry (Egli 
et al., 2007; Wiesner et al., 2005). When DOX is administered, tTA is repressed 
and can no longer induce further H2B-mCherry synthesis. Due to the extremely 
long natural half-lives of histone proteins (Foudi et al., 2009), H2B-mCherry 
levels will nevertheless be highly stable within cells that do not divide. However, 
cell division during DOX treatment will dilute H2B-mCherry in half, generating a 
division history among progeny cells that can be quantified based on the dilution 
of mCherry fluorescence intensities. By combining the tTA-H2B-mCh system with 
the DEC205 antigen-delivery system described above, I was able to demonstrate 
that GC B cells receiving increased T cell help undergo a greater number of cell 
cycles (Gitlin et al., 2014). The tTA-H2B-mCh system, and others like it, should 
prove generally useful to the field of immunology, since it allows cell division 
history to be followed without the need to adoptively transfer CFSE-labeled cells 
and with great experimental flexibility. 
 
 4.2.2. T cell-regulated dynamics of interzonal migration 
 
How might selected GC B cells accrue more cell divisions than their competitors? 
To answer this question, we considered two potential models. First, selected GC 
B cells might be migrating more frequently between LZ and DZ. Thus, in a given 
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timeframe, selected GC B cells would pass more frequently through the DZ, 
where they would divide, and thus these cells would be able to accrue a greater 
number of cell divisions in total. Alternatively, during each visit to the DZ, 
selected GC B cells might dwell for a longer period of time, providing these cells 
with proportionally more time to undergo additional divisions. In this second 
model, non-selected competitors in the GC would spend less time in the DZ and 
thus a greater fraction of their time would be spent in the LZ, where they would 
be competing for T cell help rather than using their time to actively divide. These 
two models predict different dynamic behaviors in the DZ: the first model predicts 
that selected cells spend equal or less time in the DZ than non-selected cells; the 
second model predicts that selected cells would spend more time in the DZ than 
would non-selected GC B cells. 
 
I therefore turned to photoactivation to determine how T cell help influences the 
residence time of selected cells in the DZ (Patterson and Lippincott-Schwartz, 
2002; Victora et al., 2010). Using a photoactivatable GFP transgene in 
combination with the DEC205 antigen-delivery system, I found that GC B cells 
that received increased T cell help spent a longer period of time in the DZ. This 
finding indicated that the additional time that selected cells are allowed to spend 
in the DZ enables them to initiate a greater number of cell divisions before 
traveling back to the LZ to undergo another round of competition for T cell help. If 
more cell cycles are indeed initiated during each passage through the DZ, then a 
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greater fraction of cells entering S phase should be found within the DZ during 
selection. To this end, we developed a sequential nucleotide-pulsing strategy 
using EdU and BrdU that confirmed this prediction. 
 
Taken together, these experiments indicate that the number of cell divisions per 
excursion to the DZ is variable, ranging from 1 to 6, and is regulated by the 
magnitude of T cell help. High affinity mutants that emerge in the GC are able to 
capture more antigen in the LZ, thereby allowing these cells to present more 
pMHCII to T cells. The help received by selected B cells then induces them to 
return to the DZ, where they subsequently reside for a longer period of time than 
their non-selected competitors. Non-selected cells in the GC are thus 
outcompeted over time, since they spend a lesser portion of their time in the DZ 
and are thereby able to proliferate fewer times overall.  
 
Previous work using CXCR4-deficient GC B cells, which are restricted in their 
location to the LZ, found that these cells can nevertheless attain a DZ-like state, 
characterized by a surface phenotype reminiscent of DZ cells and the ability to 
proliferate and hypermutate (Bannard et al., 2013). This indicates that the DZ 
state does not require physical access to signals present in the DZ 
microenvironment. A “cellular timer program” was therefore proposed to explain 
these findings. In this model, a signal in the LZ that triggers the cell to become a 
DZ cell initiates a timer within the newly induced DZ cell. Upon completion of this 
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timer, the DZ cell would return to its LZ state. Of note, T cell help was considered 
a key candidate signal that could initiate such a timer. This model is consistent 
with the work described in this thesis, namely that T cell help initiates a DZ 
cellular timer and, moreover, that the magnitude of help received by the B cell 
might in fact determine the length of the DZ timer. 
 
4.2.3. A selection-hypermutation positive feedback loop 
 
To verify these findings in the polyclonal system, non-immunoglobulin transgenic 
mice bearing the tTA-H2B-mCh transgenes were utilized. Sorting GC B cells from 
tTA-H2B-mCh mice that had undergone greater or lesser amounts of proliferation 
revealed that affinity-enhancing mutations in polyclonal GCs are associated with 
more cell divisions. Moreover, as predicted by the idea that AID targets the 
antibody gene once per cell cycle (Deenick et al., 1999; Hasbold et al., 1998; 
Hodgkin et al., 1996; McCall and Hodgkin, 1999; McKean et al., 1984; Reina-
San-Martin et al., 2003), highly divided GC B cells were subjected to a greater 
degree of somatic mutation. A positive feedback loop of selection-hypermutation 
therefore exists in the GC, whereby high affinity cells are instructed by T cell help 
to divide more than their competitors, and, in so doing, selected cells accumulate 
greater diversity through more frequent opportunities for hypermutation. 
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The positive feedback loop between selection and SHM has implications for 
understanding the development of effective antibody responses to certain 
pathogens, such as HIV-1. Broadly neutralizing antibodies to HIV-1 (bNAbs) 
exhibit an extraordinary degree of hypermutation and selection, which are 
required for the capacity of these antibodies to potently neutralize extremely 
diverse variants of HIV-1. For example, while most affinity-matured antibodies in 
humans carry 15-20 mutations, bNAbs carry 40-110 mutations (Scheid et al., 
2009; Scheid et al., 2011; Tiller et al., 2007; Walker et al., 2009; West et al., 
2014b; Xiao et al., 2009; Zhou et al., 2010). Notably, hypermutation of bNAbs 
extends even into the framework regions (FWRs) of the variable region (Klein et 
al., 2013), which provide structural support to the complementarity determining 
regions (CDRs) that typically mediate direct antigen binding (Amit et al., 1986; 
Amzel and Poljak, 1979).  
 
In most cases, FWR mutations are selected against due to the high likelihood 
that such mutations will be deleterious to the overall structure of the antibody 
molecule (Wagner et al., 1995). Furthermore, classic experiments demonstrated 
that grafting CDRs from one antibody onto the FWRs of another antibody still 
maintain the specificity of the antibody from which the CDRs were derived (Jones 
et al., 1986). Yet in the context of bNAbs, mutations in FWR and CDRs have 
become crucial and interdependent, and reversion of FWR mutations in bNAbs 
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causes them to lose their potency and breadth (Klein et al., 2013). How such high 
levels of FWR mutations might be generated is therefore of great interest. 
 
Our findings suggest a potential mechanistic basis for the development of bNAbs 
with these features. For example, during the development of bNAbs in the GC, 
mutant clones that represent stepwise intermediates, along the path to bNAb 
development, would be iteratively selected by T cell help. During these selection 
events, bNAb precursor cells would be induced to return to the DZ and reside 
there for an extended period of time, providing these cells with more time to 
undergo multiple rounds of cell division and hypermutation. Importantly, this 
would allow selected bNAb precursors to incur a serious of somatic mutations 
without being interrupted by an intervening round of selection in the LZ. Over 
time, these events might allow interdependent, affinity-enhancing mutations in 
the FWRs and CDRs to develop. By contrast, if every excursion to the DZ 
involved only a single cell division and somatic mutation before subjecting the 
mutant cell to selection in the LZ, then it would be far more difficult to develop 
FWR mutations. Nevertheless, these bursts of diversification in the DZ might only 
rarely occur, potentially explaining why a small fraction of infected patients 
develop bNAbs, and, even then, why these patients require several years to 
develop such antibodies. 
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4.3. Cell cycle regulation in the germinal center 
 
I next sought to examine the molecular basis for T cell-mediated regulation of GC 
B cell dynamics in the DZ. To this end, I hypothesized that a concerted and 
specific change in gene expression would be evident among selected GC B cells 
in the DZ. However, providing GC B cells with more T cell help through 
αDEC205-OVA shifts a greater fraction of this population into the S/G2/M cell 
cycle phases (Gitlin et al., 2014; Victora et al., 2010). Thus, to control for this 
effect, a Fucci transgene was used to allow fluorescence-based cell sorting of G1 
phase cells followed by genome-wide RNA sequencing of this population (Aiba et 
al., 2010; Sakaue-Sawano et al., 2008). Surprisingly, even when controlling for 
cell cycle phase in this manner, selected DZ cells in G1 nevertheless displayed 
significantly enhanced cell cycle and metabolic gene expression programs. 
Moreover, when GSEA for transcription factor target genes was performed, we 
found that targets downstream of the E2F family of transcription factors and c-
Myc were prominently induced. As a validation of this finding, T cell help was 
previously shown to induce expression of the proto-oncogene c-Myc (Calado et 
al., 2012; Dominguez-Sola et al., 2012). E2F is repressed by the Retinoblastoma 
(Rb) protein, and cyclin-dependent protein kinases (CDKs) de-repress E2F by 
phosphorylating Rb (Chellappan et al., 1991; Chen et al., 2009). Consistent with 
this, intracellular Rb phosphorylation was increased among selected GC B cells, 
corroborating the enhanced expression of E2F target genes in selected G1 DZ 
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cells. These findings prompted a re-evaluation of the cell cycle of selected GC B 
cells in greater detail. In particular, I sought to uncouple whether selected cells 
are able to divide a greater number of times only because they spend more time 
in the DZ, or whether selected cells might also undergo accelerated cell cycle 
rates during their prolonged residence time in the DZ. 
 
Examining progression rates through the cell cycle has generally been 
accomplished by experimentally synchronizing cell populations in tissue culture 
with inhibitors of S phase or mitosis. Removal of the employed inhibitor allows 
the arrested cell population to be synchronously released into the same cell cycle 
phase. Following these cells over time, as they progress through the cell cycle, 
allows progression through distinct phases to be followed, measured and 
analyzed. However, no such exogenous agent can be applied to experimentally 
synchronize the cell cycle of GC B cells in vivo. Thus, examining the regulation of 
cell cycle dynamics during GC selection required the development of novel 
techniques. 
 
To examine cell cycle dynamics in the GC, I utilized the sequential EdU/BrdU 
double-pulse technique to retrospectively “synchronize” GC B cells in a non-
perturbing manner. To do so, the EdU/BrdU method was further combined with 
DNA content staining. Mice were intravenously injected first with EdU, then 1 
hour later injected with BrdU, and then analyzed by DNA content at 0.5, 2.5, and 
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5 hours after the EdU/BrdU double-pulse. In this manner, cells in early, mid/late, 
or post-S phase periods of the cell cycle can be identified based on their 
incorporation patterns of EdU/BrdU and examined at time points thereafter for 
their rate of progression through S phase or completion of G2/M by DNA content. 
This new method of analyzing cell cycle dynamics in vivo, which should be 
generally applicable to a variety of physiological contexts, revealed that T cell 
help accelerates progression of selected GC B cells through both the S and 
G2/M phases of the cell cycle. Consistently, EdU labeling of anti-NP GCs in 
C57BL/6 revealed that affinity-enhancing mutations during the polyclonal immune 
response are associated with rapid progression through the S/G2/M phases. 
 
4.3.1. Mechanism of S phase regulation during selection 
 
Once a GC B cell has completed the G1/S transition, DNA replication occupies 
most of the time that it takes the cell to complete the cell cycle. Regulation of S 
phase duration is a well-known feature of embryonic development (Blumenthal et 
al., 1974; Collart et al., 2013; Hyrien et al., 1995; McKnight and Miller, 1977; 
Nordman and Orr-Weaver, 2012). This regulation is most dramatically seen 
during the midblastula transition (MBT), which marks the onset of zygotic 
transcription, morphogenesis, and embryonic cell movements. Coincident with 
these developmental changes, the cell cycle and DNA replication at the MBT are 
dramatically lengthened. Prior to the MBT, the rapid early cell cycles of the 
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embryo are fueled by maternally-derived gene products. As development 
proceeds beyond the MBT, DNA replication slows because replication initiation 
factors and CDK activity become limiting (Collart et al., 2013; Farrell et al., 2012). 
As a consequence, S phase in the later embryo involves activation of fewer 
origins that are fired asynchronously, whereas the earliest S phases are 
completed more rapidly due to their use of a larger number of origins that fire 
more synchronously. I therefore sought to determine whether T cell help might 
involve the use of a similar mechanism during GC B cell selection to accelerate S 
phase.  
 
The dynamics of S phase initiation can be determined by sequencing the 
genomes of G1 and S phase cells (Koren et al., 2014; Koren et al., 2012). In this 
method, analyzing the relative copy number of sequences along chromosomes in 
S phase provides a view into the timing of replication of different genomic sites. 
Early sites of DNA replication, which are encompassed within or proximal to 
early-firing replication origins, will contain relatively higher copy number in a 
population of S phase cells than regions that are typically replicated later during 
S phase. However, these experiments revealed that selected GC B cells initiate S 
phase using the same locations and activation times of origins throughout the 
genome. Thus, although T cell help accelerates DNA replication, it does so 
without regulating the global replication timing program. 
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In tissue culture, DNA replication forks can be accelerated by coordinate 
activation of c-Myc, CDK activity and nucleotide metabolism (Anglana et al., 
2003; Bester et al., 2011; Malinsky et al., 2001). Such regulation has not, 
however, been documented in a physiological context. Given the finding that T 
cell help mediates similar changes in selected GC B cells, I reasoned that similar 
changes to DNA replication fork speed might take place during the S phase of 
selected GC B cells. Therefore, single-molecule analyses of DNA replication 
were performed, which revealed that the speed of replication forks in GC B cells 
is increased during T cell-mediated selection. 
 
The mechanism of T cell-mediated S phase regulation in the GC thus appears to 
differ fundamentally from developmental regulation of S phase. Whereas 
regulation of S phase length in the developing embryo appears to operate by 
passive dilution of limiting replication factors and activities (Collart et al., 2013), S 
phase regulation during GC selection is a consequence of directed signaling by T 
cells to selected GC B cells. The signals transduced by T cell help coordinately 
alter nucleotide metabolism, general cellular metabolism, and signaling pathways 
(c-Myc and CDK) that drive rapid entry into and progression through the cell 
cycle. Moreover, the rapid early S phases in development do not appear to 
involve faster replication forks, but rather involve synchronous use of a greater 
number of replication origins. In contrast, selected GC B cells accelerate their S 
phase by enhancing their rate of replication elongation while maintaining the 
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temporal order and number of replication initiation events throughout the 
genome. As the longest phase of the committed cell cycle, S phase thus provides 
a critical point of dynamic regulation during GC selection. 
 
4.4. Model of affinity-based selection in the germinal center 
 
Collectively, the results described in this thesis provide a coherent model of the 
dynamics of T cell-mediated selection in the GC. GC B cells capture and present 
antigen through their BCRs in an affinity-dependent manner, allowing higher 
affinity B cells to present a higher density of pMHCII and thus elicit T cell help of 
a proportionally greater magnitude	   (Gitlin et al., 2014; Shulman et al., 2014). T 
cells then transduce signals within selected GC B cells that direct their return to 
the DZ where they subsequently undergo preferential expansion by a twofold 
mechanism: (1) selected cells dwell for a prolonged period of time in the DZ and 
(2) undergo accelerated cell cycles therein. These two dynamic mechanisms thus 
work in concert, enabling high affinity B cells to selectively and rapidly expand 










5.1 Mice   
 
C57BL/6, B6.SJL, Col1A1-tetO-H2B–mCherry and DsRed mice were purchased 
from Jackson Laboratories. Vav-tTA transgenic mice that had been backcrossed 
to C57/BL6 were obtained from S. W. Lowe and crossed to Col1A1-tetO-H2B–
mCherry mice to produce tTA–H2B–mCh mice (Egli et al., 2007; Wiesner et al., 
2005). B1-8hi, DEC205−/−, and PAGFP transgenic mice were described 
previously (Guo et al., 2000; Shih et al., 2002b; Victora et al., 2010). Fucci 
transgenic mice were obtained from T. Kurosaki and A. Miyawaki (Aiba et al., 
2010; Sakaue-Sawano et al., 2008). All experiments were performed with 
authorization from the Institutional Review Board and the IACUC at The 
Rockefeller University.  
 
5.2 B cell transfer and culture 
 
Resting splenic B cells were purified by forcing mouse spleens through 40 μm 
mesh into complete RPMI media (Gibco) containing 6% serum. CD43 magnetic 
beads (MACS) were used to purify resting B cells from single cell suspensions, 
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according to manufacturer’s protocols (Militenyi Biotec). All experiments involved 
adoptive transfers of 1.5-10 x106 B cells (≈(1.5-10) x 105 Igλ+, NP-specific B 
cells) into recipient mice. To evaluate the tTA-H2B-mCh system during in vitro 
proliferation, resting B cells were purified from tTA-H2B-mCh mice and labeled at 
37 °C in 5 µM CFSE. B cells were then stimulated in culture with 
lipopolysacchard and IL-4 for 72 hours, as described previously (Robbiani et al., 
2008), in the presence of DOX (500 ng/ml). 
 
5.3 Immunizations and treatments   
 
C57BL/6 or B6.SJL mice (6-8 weeks of age) were primed by intraperitoneal 
immunization with 100 μl containing 50 μg of OVA (Grade V, Sigma) precipitated 
in alum at a 2:1 ratio. Two to six weeks later, mice received the indicated 
adoptive transfers followed by subcutaneous boosting with 25 μg of NP14-OVA or 
NP16-OVA (Biosearch Technologies) the following day. Draining lymph nodes 
were collected and processed for flow cytometry. To induce polyclonal GCs, 
C57BL/6 or tTA-H2B-mCh mice were immunized intraperitoneally with 50 μg of 
NP14-OVA or NP16-OVA in alum. To induce anti-gp120 GCs, tTA-H2B-mCh mice 
were immunized with 12.5 µg and 6.25 µg of HIV-1YU2 gp120 intraperitoneally 
and subcutaneously, respectively, in alum. αDEC-OVA and αDEC-CS fusion 
antibodies were produced by transient transfection in 293T cells, as described 
previously	   (Boscardin et al., 2006). 5 µg of fusion antibody in PBS was injected 
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subcutaneously at the indicated time points, except in Figures 2.1, 2.2, 2.6, 2.7, 
2.10, 2.11, 2.12 where 10 µg of fusion antibody was used. Mice were 
administered DOX by intraperitoneal injection of 1.6 mg DOX (Sigma) in PBS and 
subcutaneous injection of 0.2 mg DOX in PBS. Maintenance on DOX was 
accomplished by adding DOX (2 mg/ml) and sucrose (10 mg/ml) to the drinking 
water for indicated time periods. 
 
5.4 Cell cycle analysis 
 
For cell cycle analysis in Figures 2.9, 3.4, 3.5, 3.6, 3.7, and 3.8, 1 mg EdU (Life 
Technologies) in PBS was injected intravenously followed 0.5 hours later by  
intravenous injection of 2 mg BrdU (Sigma-Aldrich) in PBS. Cells were then 
stained for flow cytometry and processed using an anti-BrdU-FITC kit (BD 
Biosciences) and Click-iT EdU-Pacific Blue kit (Life Technologies) according to 
manufacturers’ instructions. DNA content was generally analyzed by staining 
cells with 7-AAD (BD Biosciences), or DAPI in other cases, to assess DNA 
content. In Figure 3.10, mice were treated with 1 mg EdU intravenously followed 
0.5 hours later with 5 mg BrdU intraperitoneally. For DNA fiber analyses, mice 
were injected with 1.25 mg and 0.125 mg of IdU (Sigma-Aldrich) in PBS 
intraperitoneally and subcutaneously, respectively. Mice were then injected with 1 
mg of thymidine (EMD Millipore) after 20 minutes immediately before processing 
lymph nodes for cell sorting.  
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5.5 Flow cytometry and cell sorting  
 
Single cell suspensions from indicated tissues were processed in PBS that was 
maintained at 4°C and contained 2% serum and 1 mM EDTA. Samples were 
treated at 4°C for 10 minutes with 1 μg/ml of anti-CD16/32 (2.4G2, Bio-X-Cell) 
and then stained for 25-30 minutes at 4°C. Anti-B220, CD38, CD86, CD45.1, 
CD45.2 antibodies were from eBioscience. FAS, CXCR4, CD45.1, CD45.2, Igλ1-
3, GL7, streptavidin-phycoerythrin and streptavidin-allophycocyanin were from 
BD Biosciences. Streptavidin-Alexa Fluor 488 was from Invitrogen. Antibody for 
intracellular staining of pRb-S807/811 was from Cell Signaling Technology 
(clone: D20B12). Cell fixation and permeabilization were performed using the 
Cytofix/Cytoperm kit (BD Biosciences). Samples were analyzed on a BD 
Fortessa. GC B cells were gated as live/single and B220+ and either CD38-FAS+ 
or FAS+GL7+. DZ cells were gated as CXCR4HighCD86-. CD45.1 and CD45.2 
allotypic markers or DsRed were used to trace transferred B cell populations 
within recipient mice. B1-8hi DEC205+/+ B cells were identified as CD45.1+, B1-8hi 
DEC205-/- B cells were identified as CD45.1+CD45.2+, and B1-8hi tTA-H2B-mCh 
B cells were identified as CD45.2+. For RNA sequencing, cells were sorted 
directly into Trizol LS reagent (Invitrogen) maintained at 4°C using a FACS Aria II 
(Becton Dickinson). Prior to cell sorting in the experiment in Figure 3.10, GC B 
cells were enriched using anti-IgD-biotin (eBioscience) and both anti-biotin and 
CD43 magnetic beads (MACS). 
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5.6 Photoactivation 
 
Intravital imaging and photoactivation were performed as described previously 
(Shulman et al., 2013; Victora et al., 2010). Anaesthesia was induced with 100 
mg ketamine, 15 mg xylazine and 2.5 mg acepromazine per kg of body weight 
and maintained with 1.25% isoflurane in 100% oxygen. A double-edged razor 
blade was used to shave hind legs. Mice were restrained on a 37 °C stage 
warmer (BioTherm Micro S37; Biogenics) and an incision was made behind the 
knee to allow exposure of the popliteal lymph node. Once exposed, the lymph 
node was restrained with a metal strap and visualized with a microscope 
objective and a 40   °C objective heater. To visualize LZ-resident follicular 
dendritic cells, 1 µg of the fluorescent protein tdTomato conjugated to NP was 
injected into hind footpads one day prior to imaging, as described previously 
(Victora et al., 2010). To photoactivate DZ B cells in Figures 2.10, 2.11, and 2.12, 
B1-8hi PAGFP+ GC B cells were photoactivated external to NP–tdTomato-labeled 
FDCs in the LZ by scanning with a femtosecond-pulsed multiphoton laser tuned 
to 820 nm wavelength and imaged at 940 nm wavelength, as previously 
described (Shulman et al., 2013; Victora et al., 2010). Cell motility was monitored 
immediately following photoactivation to ensure cell viability. Incisions were 
sutured and mice were allowed to recover for 6 hours before flow cytometry. To 
determine the precision of DZ photoactivation, lymph node cells were analyzed 
immediately after photoactivation by flow cytometry for surface phenotype. 
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Imaging experiments were performed with an Olympus BX61 upright microscope 
(Olympus ×25 1.05 NA Plan objective), fitted with a Coherent Chameleon Vision 
II laser (Rockefeller University Bio-Imaging Resource Center). 
 
 5.7 Gene expression analysis   
 
Libraries were generated from purified RNA of sorted cells using the SMARTer 
Ultra Low Input RNA for Illumina Sequencing kit (Clontech Laboratories). High 
throughput sequencing was performed using a HiSeq 2500 (Illumina). RNA-seq 
reads were aligned with STAR version 2.3.0 allowing unique alignments and 
using Mouse Ensembl genes as reference. Differential expression was calculated 
using Cufflinks with default settings. Gene Set Enrichment Analyses were 
performed using GSEA v2.2.2. 
 
 5.8 Replication timing data   
 
To generate replication timing profiles, single cell suspensions were stained for 
surface markers and fixed and permeabilized as described above. Samples were 
then incubated  for 30 minutes in 100 µl of 20 µg/µl RNAse A (Life Technologies) 
at 37°C and then stained for DNA content with 7-AAD. B1-8hi DEC205+/+ GC B 
cells were sorted as B220+CD38- FAS+CD45.1+CD45.2- and sorted based on 
either in G1 or S phase as determined by DNA content. Purified genomic DNA 
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from sorted cells was used to prepare libraries for sequencing on a HiSeq 2500 
(Illumina). Sequence reads were aligned to the mouse reference genome, build 
mm9, using BWA mem with default settings. Replication timing was determined 
using normalized sequence tag density values for G1 and S for each 2 kb 
window of the genome. Only windows containing > 25% of tags expected by a 
uniform distribution throughout the genome were used. 2 kb window data were 
smoothed using the Matlab function Csaps with a parameter of 10-17. Smoothed 
data for the two biological replicates of each condition were averaged, and both 
averaged and single-repeat data were Z-score normalized to a genome-wide 
mean of zero and standard deviation of 1. Smoothed data was compared to 
Mouse replication timing data from L1210 lymphoblast cells (Yaffe et al., 2010) 
were used to compare the smoothed data generated in this study by interpolating 
to the same data coordinates. 
 
5.9 DNA Fiber analyses  
 
DNA fibers analysis was performed on sorted GC B cells, as previously 
described	   (Jackson and Pombo, 1998). Sorted were re-suspended in PBS at 
1x106 cells/ml and 2 µl of cells were spotted onto a glass slide followed by 6 
minutes of lysis in 10 µl spreading buffer (0.5% SDS in 200 mM TRIS-HCl (pH 
7.4) and 50 mM EDTA). Slides were tilted at a 15° to extend DNA fibers. Slides 
were then air-dried and fixed in a 3:1 mixture of methanol and acetic acid for 2 
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minutes. 2.5 M HCl was then used to denature DNA for 25-30 minutes at room 
temperature. After washing in PBS, slides were blocked for 1 hour in PBS with 
0.1% Triton X- 100 + 10% goat serum (MP Biomedicals 092939149). IdU-labeled 
tracks were detected using mouse anti-BrdU (Becton Dickinson 347580, 1:100) 
and Alexa Fluor 488-labelled goat anti-mouse IgG (InvitrogenA11029, 1:350) 
antibodies. DNA fibers were counterstained with anti-ssDNA (Millipore MAB3034, 
1:600) and Alexa Fluor 647-labeled goat anti-mouse IgG2A (Invitrogen A21241, 
1:350). Slides were mounted in Prolong Gold antifade reagent (Invitrogen) and 
replication tracks were imaged on a DeltaVision Elite system (Applied Precision) 
and measured using SoftWoRx software (Applied Precision).  
 
5.10 VH186.2 and JH4 intron sequence analyses  
 
Genomic DNA was extracted from GC B cells that were isolated as described in 
the indicated figures. PCR was performed using Phusion HF (New England 
Biolabs) from DNA corresponding to 1,000-5,000 cells. PCR amplification 
strategy for VH186.2 analysis was performed as described previously 
(Dominguez-Sola et al., 2012; Victora et al., 2010). To amplify JH4 intronic 
sequences, the following primers were used for 35 cycles with an annealing 
temperature of 57   °C and an extension time at 72   °C for 1  min: 5′-
TCCTAGGAACCAACTTAAGAGT-3′ and 5′-TGGAGTTTTCTGAGCATTGCAG-
3′. PCR products were gel-extracted and cloned into Zero Blunt TOPO vectors 
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(Invitrogen) as described previously. Antibody gene sequences were analyzed 
using the IMGT/V-QUEST system to identify W33L and K59R mutations. For 
mutational analysis of the JH4 intron, high quality traces were analyzed using 
MacVector 12.7 for base-pair mismatches and deletions compared to the 
germline sequence. Both mismatches and deletions were counted as mutations. 
Mutation frequency was calculated by summing the total number of mutations 
from all clones analyzed in a given condition and dividing by the total number of 
base pairs analyzed in that group. 
 
5.11 Statistical Analyses  
 
Statistical significance was assessed with the tests indicated in the figures using 
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